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SUMMARY

The measurement of total gas density and pressure at
the levels expected on the surface of the moon and in in-

“15 torr) is beyond

terplanetary space (probably about 10
present technological capabilities. This deficiency causes
even greater concern when it is realized that there is
little doubt that gas densities as low as those in outer
space can be produced routinely in the laboratory today.

Pressures in the ranges above 10—ll torr may be measured

with considerable certainty. However, below lO_'ll torr
the reliability of measurement quickly becomes marginal as
the pressure decreases.

The main objective of the present program was to ex-
amine the operating characteristics and low pressure limits
of those sensors which were most likely to be useful at
pressures below 10_ll torr. The gauges chosen for detailed
study were a normal magnetron gauge, an inverted magnetron,
a nude modulated ion gauge, and a suppressor grid gauge.
The resﬁlts obtained are summarized below under Gauge Cal-
ibration. Two other sub-programs also received considerable
theoretical and experimental attention. They are discussed
under the sections entitled "Directional Sensitivity" and
"Dynamic Response". The principal conclusions developed in

this program are stated at the end of this Summary.

GAUGE CALIBRATION

In order to study gauge performance at low pressures
it was not only necessary to carry out the work in an ap-
paratus which was capable of achieving pressures well below
10-ll torr, but it was also necessary to be able to produce
definite, known pressures in the desired range with certainty.
Both these requirements were met by using a special pressure

ratio technique which involved bleeding helium gas from a
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known pressure source thEPugh a known conductance, into NRC's
Extreme High Vacuum (XHV) system. In this way., each gauge
was studied independently and calibrated without reference
to another gauge operating at the same pressure level. This
method is considered to represent a considerable advance in
the state-of-the-art of calibration of gauges in the UHV
and XHV ranges. The method has been applied with success
down to pressures of 3 x 10713 torr. There is every indi-
cation that it is applicable to even lower pressures.
Useful data on general operating characteristics were also
obtained by direct comparison of gauges at the higher pres-
sure levels, above 10 %! torr. In this latter method, the
gauge under study was generally cross-calibrated against a
modulated Nottingham gauge. The main results of the gauge
calibration studies are summarizZed below in separate dis-
cussions of each gauge type.

Normal Magnetron Gauge

The gauge used in this work was an NRC Model 552 gauge.
When operated with an anode voltage of +4500 volts and using
a magnet with a field strength of 1000 gauss, the gauge was
found to give an output current which was linear with pres-

sures over the range 1 x 10°% to 2 x 10710 torr. The

sensitivity was approximately 4.5 amps/torr. Below 2 X 10—10
torr confirmation evidence was obtained that the gauge was
non-linear with the gauge current (i+) (amp) being related

to the pressure (P) (torr) by the relationship

. _ n
1+ = kP

Both k and n were found to be functions of the
operating characteristics of the gauge. The value of k
was determined primarily by the anode voltage. The sens-
itivity increased with increased anode voltage but gauge
instabilities were also increased. The effect of increased

noise was more significant at lower pressures. The exponent

* A Trade Mark of National Research Corporation
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n was a strong function of the magnetic field strength.

Above 2 X lO-lo torr, n = 1.0. However, below 2 x 10

10
torr the value of n decreased from 1.89 at 890 gauss to
1.34 at 1050 gauss. Over this range of magnetic field
strength, the slope decreased linearly with increases in
the magnetic field strength. However, a magnetic field
strength as high as 1560 failed to reduce the value of
n below 1.3. Redhead[l], has recently shown that a dis-
tinct change in the nature of the magnetron oscillations
takes place at a magnetic field strength of 1200 gauss.
Consequently, the data at 1560 gauss are not really
comparable to those below 1200 gauss. The normal magnetron
was calibrated down to 3 x 10“-]'3 torr. At this pressure
the output current was 7 x 10714 amps .

Inverted Magnetron Gauge

[2]

had shown that the inverted magnetron had a substantially

Previous experimental data by Hcbson and Redhead

lower sensitivity than the normal magnetron at pressures
above 2 x lO—lo torr. In addition, the inverted magnetrons
studied by Hobson and Redhead were non-linear with the ex-
ponent n (cf Normal Magnetron Gauge) varying from 1.1 to
1l.4. These results suggested the possibility of an inverted
magnetron with a low exponent (say 1l.1l) having a sensitivity
which became equal to and then greater than the sensitivity
of the normal magnetron as the pressure decreased.

Some five inverted magnetron designs were studied dur-
ing the present program. The lowest exponent found was 1.25.
This was obtained with an inverted magnetron gauge specially
designed and built so as to reduce the possibility of leak=-
age currents giving erroneous results at very low pressures.
The gauge was operated at 6000 volts and gave an exponent
of 1.25 with a magnetic field strength of 2100 gauss. The
gauge was calibrated down to a pressure of 3 x 10“l3 torr.
At this pressure the output current of the gauge was 3.7

x 10714 amps. Consequently, even at this pressure the

ix



sensitivity of the inverted magnetron was lower than the
normal magnetron.

By extrapolation it appeared that the inverted magnetron
with an exponent of 1.25 would not have a greater sensitiv-
ity than the normal magnetron (exponent 1.45) until the
pressure had decreased below approximately 2 x 10-14 torr.

At this pressure both the normal and inverted magnetrons
would have output currents of approximately 1 x lO—15 amps.
At very low pressures, the signal to noise ratio of the
inverted magnetron was approximately the same as the normal
magnetron.

Nude Modulated Ion Gauge

A modulating electrode was mounted inside the grid of
a nude Nottingham ion gauge. The gauge collector current
was then modulated by switching the potential of the modu~
lating electrode between ground and grid potentials accord-
ing to the method of Redhead[3]. When the gauge was operated
with a 3.0 Ma emission, the sensitivity was 0.1 amp/torr (N2).
Using the modulation technique the residual current (ir)

12 amps (1.3

(X-ray current) was measured to be 1.3 x 10
x 10”11

. directly proportional to the emission current.

torr) at 3.0 Ma emission. The value of ir was

By means of the mcdulation technique it was possible to
obtain consistent results down to ion currents equal to
about one-half the residual current, that is, 6 x 10-l3 amps
or 6 x 10_12 torr. Below this value noise problems become
significant. It is quite likely that the gauge structure
used was not vibration free and consequently microphonics
probably became a major source of noise. However, the main
practical problem in using a hot filament gauge at pressures
velow 10 11
and making certain that it remains clean. One of the

torr is that associated with cleaning the gauge

principal advantages of the modulation technique is that
it may be used to monitor the cleanliness of the gauge by

monitoring the total residual ion current. If the measured



total residual current rises above the known X-ray-induced
residual current, the additional component of the residual
current must be assigned to gauge contamination.

Suppressor Grid Gauge (Mocdulated)

The suppressor grid gauge was calibrated over the range

=5 to 10713 torr (N,). The complete suppression of the

10
soft X-ray-induced secondary electron emission from the ion
collector required the application of -665 volts to the
suppressor grid. The required suppressor grid voltage was
found to be a strong function of geometry of the gauge ele-
ments. While the suppressor grid efficiently suppressed
the ordinary ion gauge residual current consisting of
secondary electron emission from the ion collector induced
by soft X-ray photons directly incident upon the collector,
the very existence of the suppressor grid introduced a new
residual current consisting of secondary electron emission
from the suppressor grid to the collector induced by soft
X~-ray photons reflected from the ion collector to the sup-
pressor grid. This reflected X-ray-induced secondary
electron emission current is very much smaller than the
direct X-ray-induced secondary electron emission current
and is negative in sign. This negative residual current
causes the total measured collector current to pass through
zero at a pressure of 2.7 x lO_12 torr and becomes negative
below this pressure (for an emission current of 1.0 Ma).
The negative residual current of the suppressor grid gauge
was -5.4 x 10" %% amps.

The final version of the suppressor grid gauge used in
this program was equipped with a modulation electrode. The
modulation technique was used to separate the negative
residual current from the true ion current. It was found
that the modulation technique substantially lowered the
limit of detectability for pressure measurement of the sup-
pressor grid gauge. In fact, pressures of the order of lO'~12

torr were measured using the modulation technique, but without
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the use of the modulation technique the suppressor grid
gauge could be used to measure pressures only as low as
approximately 10_ll torr.

The modulated suppressor grid gauge is considered
the most reliable of the hot cathode ion gauges studied.
It also has a limit of detectability for pressure that
is lower than any of the other hot cathode ion gauges.
However, its operating characteristics were found to be
quite sensitive to small changes in the geometrical loca-
tion of the gauge elements. This condition is untenable
in practice since small changes in the relative location
of the gauge elements are to be expected as a result of
the high temperature required in degassing the gauge.
Another inherent difficulty with the suppressor grid gauge
is that at low pressures the signal to noise ratio is low
since the gauge sensitivity is relatively low, the measured
gauge constant being only 20 torr_l. This gauge constant
may be increased somewhat for the modulated suppressor
grid gauge by redefining the normal mode of operation such
that the modulator is normally at ground potential rather
than grid potential as is the custom.
DIRECTIONAL SENSITIVITY

For this work a nude modulated gauge was mounted in
the XHV system on a support which could be rotated through
an angle of 90 degrees. A beam of argon atoms was admitted
to the experimental chamber through a capillary aimed directly
at the gauge. The argon was pumped with a high capture
probability by the inner surface of the experimental chamber
which was maintained at less than 10°K. The beam intensity
as measured by the ion gauge closely approximated that
predicted by beam theory. Beam intensities corresponding

9
torr were measured when the pres-

to approximately 3 x 10~
sure at the inlet to the capillary was 7.5 x lO—4 torr.
Signal to background ratios in excess of lO3 were measured.

When the gauge was placed so that the beam impinged normally

xii



on the axis of the cylindrical grid cage, the output of
the gauge was at a minimum. As the angle between the
beam and the axis of the grid cage was decreased, the
signal increased. With the beam axis parallel to the grid
cage axis, the signal was approximately 25 per cent
greater than at right angles to it. The increased sig-
nal was apparently caused by back-scattering of argon from
the glass press used as a support structure for the gauge
elements. This glass passthrough assembly was not cryo-
genically cooled and rotated into the argon beam as the
angle between the gauge and beam decreased. Assuming
cosine law distribution of back-scattering from the gauge
support, an increase of 21 per cent in ion current was
predicted. Consequently, independent of back-scattering,
the nude ion gauge sensitivity did not appear to be
directionally dependent.
DYNAMIC RESPONSE

The dynamic response characteristics of an ion gauge
were studied by using a flash filament technique to gener-
ate a short, steep rise gas pulse and measuring the time
history of the ion gauge output current (collector current).
Argon was adsorbed on a 77°K filament which was flashed to
about 190°K by a 7 microsecond heating current pulse. From
the time history of the ion gauge collector current and the
calculated time of flight of the argon gas pulse from the
flash desorption filament to the ion gauge grid cage, the
response time of the ion gauge was determined to be of the
order of several microseconds. That is, the time interval
between the arrival of the gas pulse at the surface of the
ion gauge grid cage and the appearance of an jion current at
the collector was about 2.6 microseconds. This gauge time
constant agrees well with the value calculated from theory
for the gauge and gas used in this experiment. The above
result implies that the Nottingham ion gauge used in this

experiment would have a flat dynamic response to about 385 Kc/s.
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The intrinsic dynamic response properties of an ion
gauge depend on the gas, the geometry of the gauge and the
operating voltages applied to the gauge electrodes. How-
ever, in most practical applications the fastest pressure
variation that can be measured with an ion gauge will also
depend on the location of the gas source, the temperature
of the gas, the shape and size of the vacuum enclosure.

It should be clear that the ion gauge cannot measure a
change in pressure until that change reaches the gauge
proper. However, since the gas molecules have a wide vel-
ocity distribution, the actual density variation with time
at various points in the system will differ if the pressure
variations are very fast (say of the order of tens of
microseconds).

CONCLUSIONS

1l. An advanced method of calibrating gauges in the
UHV and XHV ranges was developed and tested with success
down to 3 x lO_13 torr. There is every indication that the

method is applicable to even lower pressures.

2. New gauge designs which gave superior performance
were tested for the inverted magnetron gauge and a modulated

suppressor grid gauge.

3. The lowest limits of gauge calibration were not
limited by the pressures attainable in the calibration sys-
tem. The gauge performance was generally limited by low
signal to noise ratios at the lowest limits. The lowest

limits established for each of the gauges were:_

Normal Magnetron Gauge 3 x 10'-13 torr N,
Inverted Magnetron Gauge 3 x 10_13 torr N2
Nude Modulated Ion Gauge 6 x 10712 torr N,
Modulated Suppressor Grid Gauge 1.3 x 10712 torr N,

4. The normal magnetron gauge had the highest sensi-

tivity of all gauges examined at all pressures tested.
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However, both types of magnetron gauges were non-linear in
the pressure range of interest in this program. The inverted
magnetron required higher magnetic fields and higher anode

voltages for optimum performance than did the normal magnetron.

5. For both hot filament gauges - the nude modulated
ion gauge and the suppressor grid gauge - extreme care was
required to obtain adequate degassing by electron bombard-
ment. In addition, the experimental and mathematical pro-
cedures required to measure true pressure were complex and
sophisticated and yet not completely without ambiguity.

6. Major advances would result if the normal magnetron
could be made linear below 2 x 10-10 torr. There does not
appear to be any theoretical reason why this should not be
feasible.

7. Further developments are required to advance the
techniques of measuring exceedingly small currents. Major
difficulties are presently caused by dielectric polarization,
instabilities and noise in power supplies, capacitance ef-
fects between gauge elements, microphonics, and leakage

currents caused by non-perfect insulation materials.

8. The studies involving argon beam techniques showed
that a nude Nottingham gauge gave output signals which were
independent of the incidence angle of flux on the gauge if
back-scatter from gauge support elements were neglected.

In most practical applications, back-scatter with cosine
law distribution will be a factor in determining the gauge

reading.

9. The response time for a nude ion gauge was found
to be approximately 2.6 microseconds - a time which is com-
parable to the time required for an ion to travel from the
point of ionization within the grid structure to the col-
lector. In most practical cases, the response time will
be determined by the rate of travel of the gas to the gauge.
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1.0 INTRODUCTION

With the extension of the Space Program to more distant
missions such as the moon, many of the requirements for
measuring the properties of space are beyond the limits of
the state-of-the-art for present day sensors. The measure-
ment of gas density and/or pressure is in this category. If
missions to deep space, such as Mars are considered, the
problems are further magnified. Moreover, it is now apparent
that current vacuum technology is capable of routinely pro-
ducing pressures comparable to that in outer space. However,
measurement of such pressures and gas densities is severely

-10 O—ll

limited. Pressures in the range 10 and 1 torr may be

measured with some certainty but skill and care are required.
Below lO—ll torr the problems become acute and reliability
of measurement quickly becomes marginal as the pressure de-
creases. And yet, it is an undoubted fact that pressures
lower than lO—l3 torr can be produced routinely. But at

the present time, they cannot be measured with any degree

of confidence.

The basic approach in this program was to select a
number of gauges which appeared to have good prospects of
being useful gauges at extremely low pressures and then to
test these gauges in the XHV range to determine their low
pressure limitations and general operating characteristics.
The results should then lead to the logical choice of gauge
or gauge principle which should receive research and develop-
mental effort in order to produce a sensor with sufficient
accuracy and sensitivity to measure pressures below the
present limits of measurement. In order to meet these re-
guirements, not only Qas it necessary to produce extremely
low pressures, but a method of producing a known pressure
with a considerable degree of certainty was required. The
NRC Extreme High Vacuum system was used to produce the low



background pressures and a pressure-ratio technique using
helium gas was the basis of the method of producing known
pressures for calibration purposes.

In addition to the investigation of very low pressure
performance of certain promising gauges, two other response
problems of considerable significance were investigated.

The first concerned possible variations in the output signal
from an ion gauge according to the angle at which a beam of
gas entered the grid structure of the gauge. The question
arose as to whether the angle at which a nude ion gauge was
placed in a gas beam would have any effect on the gauge out-
put. Also would the amount of gas back-scattered from the
base and supporting structure of a gas significantly increase
the signal? For this part of the program an argon beam with
an intensity equivalent to approximately 10-“9 torr was intro-
duced into the experimental chamber of the XHV system. With
the experimental chamber at 10°K, the angle between the gauge
and the beam was changed from zero to 7/2 by rotating the
gauge. During the rotation the gauge output was recorded.

The second problem was to determine the rate at which
an ion gauge would respond to rapid changes in gas density.

A rate of rise in gas density of approximately one decade
per millisecond was required in order to carry out experi-
mental measurements of actual gauge rise times. A technique
involving the flash desorption of argon from a tungsten
filament was used in this part of the program.

Both of these problems are involved in the proper
interpretation of pressure and density measurements on
board satellites. They are also involved in interpreting mea-
surements in vacuum systems in which there is a steady or
time varying gas flow.

The results of part of the work in this program have
been published[4]. The work has also resulted in a patent

application covering the modulated suppressor grid gauge.



2.0 OBJECTIVES

Initially, the primary objectives of the present program
were as follows:

l. Cross-calibration of gauges suitable for ex-
treme high vacuum application against the
NRC-552 cold cathode ion gauge to the

lowest pressure limits.

2. Investigation of the lowest possible
limits of pressures and stability of

several selected types of gauges.

3. Determination of the directional and
dynamic response characteristics of

several pressure gauges.

4. Investigation of the positional depend-
ence where directional response was
found to be a strong function of angle

of incidence.

During the course of the research work, theoretical,
experimental and technical considerations necessitated re-
peated re-evaluation and redefinition of the details and
course of the experimental work. For instance, early in
the program, it became apparent that several of the gauges
initially chosen for study were not potentially sound gauges
for the measurement of extremely low pressures. Accordingly,
the Scope of Work was revised to include a number of gauges
which had more substantial prospects of being useful gauges.

The following gauges were to be included in the study:—

a. Normal Magnetron Gauge
b. Nude Ion Gauge

c. Inverted Magnetron

d. Suppressor Grid Gauge
e. G.E. Lafferty Gauge



The Lafferty gauge unfortunately was not available for
testing.

In the course of the program, experimental results
showed that calibration at low pressurés by the pressure-
ratio technique was superior to the cross-calibration against
the NRC 552 cold~cathode (normal magnetron) gauge. In gen-
eral, it was possible by the pressure-ratio procedure to
obtain essentially independent calibrations of each gauge
at extremely low pressures. In addition, it also became
apparent that several of the gauges designed for operation

at higher pressures - say above 10710

torr - required exten-
sive modifications and rebuilding in order to ensure any
usefulness of the gauge for the measurement of extremely

low pressures. As a result, the work statement was further

amended and supplemented to include the following:

1. Determine the nitrogen sensitivity of
the normal magnetron in the XHV range
using the capillary pressure ratio

technique.

2. Determine the helium sensitivity of
the modified inverted magnetron gauge
in the XHV range using the capillary

ratio technique.

3. Determine the helium sensitivity of
the modified suppressor grid gauge in
the XHV range using the capillary

ratio technique.

4. Conduct a modulated argon beam experi-
ment on either the modified suppressor
grid gauge or on the modulated Notting-
ham ion gauge to determine the gauge
sensitivity dependence on the flux in-

cidence angle.



5. Conduct a chopped atomic beam experi-
ment to determine the dynamic response
of either the modified suppressor grid
gauge or the modulated Nottingham ion

gauge.

During a preliminary theoretical analysis of the response
time characteristics of an ion gauge it was shown that high
rates of change of gas density could be applied to a gauge by
using flash desorption of gas (argon) previously adsorbed on
a tungsten filament. This procedure was used to measure the
dynamic response characteristics in lieu of the chopped atomic
beam.

Otherwise, the work adhered to the main objectives of
the program as set out above. Each of the above objectives

was achieved.



3.0 GAUGE CALIBRATION

In examining the response characteristics of the various
gauges tested in the present program, two methods were used.
In the first method the gauge under examination was compared
directly with a gauge of known characteristics — generally a
modulated Nottingham gauge. A UHV system was used for this
procedure which is referred to as cross-calibration through-
out this report. Gauge calibration down to approximately
1 x 107 torr (N,) was feasible with this method. The
second method involved the use of the Extreme High Vacuum
system and a pressure ratio technique was used for gauge
calibration. Although the method can be used to calibrate
gauges over a wide pressure range it was generally conven-
ient to use a range of approximately 10-'lo to lO~l3 torr
(N2) for the gauges examined.

The two methods therefore overlapped by about one
decade. They are described in more detail below.

All pressures noted in this report are equivalent

nitrogen pressures unless otherwise specified.
3.1 PROCEDURES

3.1.1 Cross-Calibration

3.1.1.1 Description of System

The cross-calibration of gauges was carried out in the
small glass UHV system shown in Figure 1. The gauges under
test were tubulated onto the system with one-inch diameter
Pyrex in such a way as to minimize pumping speed errors and
reduce ion interaction between gauges. Prior to a calibra-
tion the system was baked at 400°C for at least 24 hours.
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3.1.1.2 Method of Cross Calibration

After a sufficiently low background pressure had been
reached (approximately 1 x 10711 torr) and the hot filament
gauges degassed by electron bombardment, the calibration
gas was admitted through controlled leak valves. The pres-
sure was then stabilized by balancing the gas inlet rate
against the gauge pumping speeds for each pressure.

For the major part of the work a modulated Nottingham
gauge was used as the comparison standard. This gauge was
previously calibrated on the NRC calibration facility[S].

In this way, the gauge under study could be referenced to

a McLeod gauge through the modulated Nottingham gauge.
During any experiment the modulator was used continually

to monitor residual current of the reference gauge. From
these data, the true ion current in the gauge was calculated

and plotted independent of residuals.

3.1.2 Pressure Ratio Technique

3.1.2.1 Description of the XHV System

The Extreme High Vacuum System (XHV), is shown schematic-
ally in Figure 2. The experimental chamber is 24 inches long
and 18 inches in diameter. It is constructed of copper and
can be baked to several hundred degress Centigrade by radiant
heaters, and then cooled to 10°K by a closed loop helium re-
frigerator. Outgassing from the walls of this chamber is then
held to an extremely low value. Furthermore, all gases except
hydrogen, neon and helium. are pumped at high speed by the
walls at cryogenic temperatures.

The working chamber is surrounded by an intermediate
shell which is also bakeable and may be cooled to 77°K to
minimize outgassing. This in turn is surrounded by an outer
shell which restrains the atmospheric pressure and also

confines a guard volume between it and the intermediate
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shell. The purpose of the guard volume is to reduce the
consequence of leaks and to provide thermal insulation for
the cold intermediate shell. The flanged joints in the
outer and intermediate shells are of cooled double O-ring
design. The two main pumping systems each employ oil dif-
fusion pumps with cold caps and liquid-nitrogen-cooled
baffles. Each is backed by a second diffusion pump and by
a mechanical pump.

The two outermost shells form an integral unit which
can easily be rolled back on tracks to provide access to
the experimental chamber. The experimental chamber is sup-
ported on a tubular cantilever structure which maintains
a low conductive heat leakage. This structure also forms
a separately pumped tunnel section for the entry of electri-
cal leads. Gauges and other experimental devices are mounted
in this section and tubulated through the closed end of the
experimental chamber or are mounted inside the experimental
chamber on the end closure with the leads carried out through
the tunnel section.

A pressure of 1 x lO_lO torr within the intermediate
shell (and therefore within the experimental chamber) is
obtained when pumped by the diffusion pumps. Baking the
experimental chamber and then cooling it to 10°K or below
reduces the pressure to a value beyond the present limit

of measurement.
3.1.2.2 Method of Gauge Calibration

The method of gauge comparison used in this part of
the present study is an extension of the dynamic pressure

[5] for cal-

ratio technique reported by Roehrig and Simons
ibration of gauges above lO_9 torr. The essential elements
of the system are represented schematically in Figure 3.

A combination of oil-diffusion pumping and cryopumping was
used to reduce the pressure in the test chamber to pressures

estimated to be below 10—15 torr.

10



Gauge to be
Calibrated
Capillary
Conductance C1 |

"Upstream"
Ion Gauge

Baffle
/

P2.
P, " %// Nude Modulated
Ion Gauge

) 2

Exit
Orifice
Helium in Through Conductance C2
Variable Leak
P3

Extreme High
Vacuum Chamber

>0

\

Primary Pump
Speed S3

I
T ]
To Mass

Spectrometer

Speed S

DOD) W

4

FIGURE 3 SCHEMATIC OF XHV CALIBRATION SYSTEM

11



Experimental Method -- For a particular experiment,
thermal stability of the system was established and the
system pressure reduced to a value below the limit of de-
tectability. Highly purified helium was then admitted to
a separately pumped system through a variable leak valve.
Helium flowed from this system (controlled at pressures in
the range 1 x lO—4 torr to 1 x lO—9 torr) to the extreme
high vacuum chamber through an accurately dimensioned cap-
illary. The helium pressure at the inlet to the capillary
was measured with a tubulated hot filament ion gauge of the
Nottingham type. This gauge was calibrated for helium using
NRC's ultrahigh vacuum gauge calibration system with the
Mcl.eod gauge as the primary standard. The gauges to be
tested are located in the tunnel section of the XHV system
and are tubulated to the extreme high vacuum chamber. This
chamber was operated at temperatures (approximately 10°K),
such that cryosorption of helium was negligible. Helium
was removed by diffusion pumping. The flow of helium from
the test chamber was restricted by an orifice (conductance,
C2)° Consequently, for a flow rate, Q, of helium through
the capillary, the pressures in the various parts of the

system were related as follows:

Q = Cy(P; — Py) = Cy(P, = P3y) = S3P; = 5P,

where:
C, = Conductance of capillary, 1/sec
C, = Conductance of exit orifice, 1/sec
P, = "Upstream" pressure, torr
P2 = Pressure in test chamber, torr
Py = Pressure of inlet to primary diffusion pump, torr
P4 = Pressure of inlet to secondary diffusion pump, torr
83 = Speed of primary diffusion pump, 1/sec
S4 = Speed of secondary diffusion pump, 1l/sec

The values of Cl, C,, and S3 were designed so that

12



p, <K P, also C, { 853 or Py K P,
Consequently,

C,P, = C Py = S3P3
Therefore,

P, = clPl/c2

From a knowledge of the ratio Cl/C2 and measured values
of Pl’ values of P2 were calculated. In order to determine
whether this procedure was satisfactory, the following tests

were made:

1. Measurements of the pressure ratio Pl/P2 using two

Nottingham type ion gauges.

2. Measurements of the ratio of the helium pressure
P, to a mass spectrometric measurement of helium partial
pressure P4.

Direct Measurement of the Pressure Ratio Pl/P2 == For
this purpose a nude Nettingham type ion gauge containing a
modulating electrod was mounted in the test chamber. After
rigorous cleaning of both the "upstream" and nude gauges,
the pressure ratio Pl/Pz was measured. This ratio remained

constant (within #7%) for all values of P, from 5 x 1072

torr to 3.0 x 10~11 torr. pressure ratios Pl/PZ of the

order of 104 to 105 were used. It should be noted that be-
cause the system is not isothermal, the calculation of con-
ductances requires a knowledge of the temperatures involved.
In addition, care must be taken to correct for thermal trans-
piration effects, particularly for gauges tubulated to the
test chamber and not isothermal with it. In this regard,

it must be remembered that both magnetron and hot filament
ion gauges measure molecular number density and calculation
of the true pressure requires a temperature correction. In

the following discussion when quotation marks are used, for
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example, "pressure", it is to be understood that the temp-
erature correction has not been appiied to the "pressure"
corresponding to the molecular number density.

Mass spectrometric measurement of the helium partial
pressure, P,, in .the outlet of the primary pump showed a
constant ratio of Pl/P4° This ratio remained constant for
values of Py from 1 x 10 torr to saturation of the mass

spectrometer at 3.6 x lO—6 torr. The mass spectrometer had

° torr He per scale division. The

a sensitivity of 4.3 x 10
variable leak used was capable of controlling the heljium
flow rate to within approximately one scale division. With
a pressure ratio across the primary diffusion pump of at
least lO6 the above results infer that helium partial pres-
sures of less than 10 % torr He could be controlled at the
inlet to the primary diffusion pump. The results are also
consistent with the assumption of a constant pumping speed
for the primary pump. The secondary pump was operating in
a pressure range at which it is known to have a constant

speed. However, as has been shown[5]

, if C, K Sy variations
in pumping speed will have little effect on the pressure
ratio P,/P,.

The excellent agreement between the data taken in the
XHV system (using the pressure ratio technique) and that
obtained from the UHV system (using the leak-up technique)
for helium was confirmation that the pressure ratio proced-
ure was valid. Thus the operation of the pressure ratio
system indicated that the upstream pressure gauge could be
used to compute pressures in the XHV chamber. Since the
background on the "upstream" gauge was less than 3 x 10-9
torr, the data suggest that the "pressure" in the XHV chamber

with zero helium flow was less than 1 x lO_'14 torr.
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3.1.2.3 Electronic Measurements

For calibration at pressures below 10”11 torr, the
measurement of currents of the order of lO_12 amps and
below becomes necessary. Keithley Model 410 and 610
electrometers as well as a Wayne-Kerr Dynamic Capacitor
Flectrometer have been used in this work. Keithley 410 and 610
electrometers have full scale sensitivities of 3 x 10
amps and 1 x lO"13 amps respectively. Consequently, it is
not possible to make accurate current measurements with
these instruments below about 2 x 10 % amps. In many
cases the signal to noise ratio approaches unity at those
current levels. 1In addition, it has been noticed that some
gauge measurements at low pressures gave apparent negative
ion currents. This was traced to polarization of the glass
insulation. In order to reduce the effects of dielectric
polarization and reduce possible leakage currents in the
cathode circuit, a special cathode lead system was constructed.
This involved the use of vacuum insulation (lO—9 torr) where
possible. A minimum of quartz was used elsewhere. Double
shielding of the system was used. The inner shield was
isolated from ground and automatically driven at the approx-
imate potential of the collector lead by a feedback circuit
in the electrometer. Also it has been shown that extreme
care must be taken to maintain low voltage levels in the
collector circuit. Since the collector voltage is dependent
on the scale range used on the Keithley 610 it is important
that optimum methods of instrument scaling be used. For
the Keithley 610 operated in the fast position on the 0.0l
volt multiplier scale, dielectric polarization effects were
shown to be negligible at these current levels. However,
electrical noise problems such as those due to mechanical
vibration of conductors and power line noise often prevent
the making of accurate current measurements below lO_13 amps.

The Wayne-Kerr Dynamic Capacitor Precision Electrometer

has a full scale sensitivity of 10_15 amps. It increased
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the effectiveness of the electronic measurements when it

became available during the latter part of the program.
3.2 RESULTS

3.2.1 Normal Magnetron

The gauge used in these studies was an NRC 552 gauge.
This form of the normal magnetron is often referred to as
a Redhead gauge. The gauge geometry used in the ?resent
studies is similar to that described by Redhead[6 and
later by F. L. Torney and F. Feakes[7]. It has been estab-
lished that the normal magnetron gauge has an ion current
which is a linear function of pressure down to approxi-
mately 2 x lOmlo torr. Using an anode voltage of 5000 volts
and a magnetic field of 1000 gauss the current pressure

relationship is linear according to the following relationship:

i, = 4.5P
where i+ = current at cathode (amps)
= pressure torr (nitrogen)
Below a pressure of 2 x 10'-lO torr the relationship

is non-linear and represented by:

i, = kp"
5 n
where k = 3.1 x 10° amp/(torr)
and n = 1.5 approximately

Consequently, above a pressure of 2 x lO—lo torr, a
log~log plot of cathode current versus pressure yields a
straight line with a slope of 1.0. Below 2 X 10710 torr
the plot has a slope of approximately 1l.5.

The efforts in this program have been largely devoted

to obtaining more information about the response characteristics
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of the gauge below 2 X 10_10 torr. Considerable activity

was applied to the measurement of the effects of anode
voltage and magnetic field variations and determining the

gauge noise characteristics at low pressure levels.
3.2.1.1 Results of Cross-Calibration Studies of Normal Magnetron

The pertinent results obtained in the cross-calibration
and pressure ratio methods are summarized below. The nitro-
gen response characteristics for the normal magnetron gauge
(compared with the modulated Nottingham gauge) for two dif-
ferent magnetic fields (1560 gauss and 900 gauss) are shown
in Figure 4. The strength of the magnetic field appears
to play a major role in the pressure-current response of
the magnetron gauge below lO-9 torr. The data indicate
that the 1560 gauss field reduced the point at which the
ion current characteristic changes from a linear to a power
function. When the gauge was operated with a magnet of 1560
gauss it was not possible to obtain useful data at higher
pressure levels because of excessive noise. Even at the
lower pressure levels the gauge was much noiser than when
operated at lower magnetic fields.

The response curve for the normal magnetron gauge for
both helium and nitrogen (again compared with the modulated
Nottingham gauge)are given in Figure 5. There are apparently
three different sections to the response curves for both
gases. Furthermore, the slopes of the helium and nitrogen
curves do not agree over the low pressure region of these
characteristics.

The relationships between cathode current and anode
voltage with constant magnetic field and constant pressure

10 torr)

are shown in Figure 6. The upper curve (2.5 x 10
shows that between 4500 and 7000 volts the anode voltage
has little influence on the cathode current.

Curves 1 and 2 show that an increase in anode potential

17
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reduces the cathode current and that at lower pressures this
reduction is more pronounced. Curves 1 and 2 were taken

in the pressure region of non-linear response, while Curve

3 was taken just above the transition pressure in the linear
response region.

Cathode and auxiliary cathode currents were both mea-
sured as a function of pressure. The results are shown in
Figure 7. It will be noted that the auxiliary cathode cur-
rent is a linear function of pressure in the range where
the main cathode current departs from linearity. Also the
auxiliary cathode current is only about 1.5% of the main
cathode current. It is apparent from these data that the
auxiliary cathode collects an insignificant fraction of
the ions generated in the gauge. Further, there appears
to be no connection between the onset of the non-linear re-
sponse of the main cathode and the response of the auxiliary
cathode. From the data of Figures 4, 5, and 6, and from
the noise characteristics, it is concluded that the most
desirable operating parameters for the normal magnetron are:
Magnetic field between 1000 and 1050 gauss, and anode
potential between 4500 and 5000 volts. Operation in this
region not only gives lower noise, but also results in only

one change in the slope of the gauge response curve.
3.2.1.2 Results of Pressure Ratio Studies in XHV

Two separate experiments were completed for an NRC 552
Redhead magnetron gauge tubulated onto the experimental
chamber within the XHV system. The gauge was operated at
4500 volts with a magnet of field strength 1020 gauss. The
results are presented in Figure 8. The slope of the re-
sponse curve is 1.44 for magnetron cathode currents of less
than 1 x 10—9 amps. For both experiments the results co-
incided for magnetron cathode currents greater than 4 x 10-'13

amps. Lower currents could not be obtained while the nude
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ion gauge was operating even though the magnetron and ion

gauges were separated by a cold baffle. Cathode currents
-14

down to 9 x 10

higher pressure data when the ion gauge was not operating.

amps were relatively consistent with the

These results suggest that even in a system with high pump-
ing speeds it <ds difficult to eliminate the gas desorption
caused by hot filament ion gauges so that very low molecular
densities may be obtained. Although the normal magnetron
gauge under test was tubulated to the copper chamber it was
not isothermal with it. The gauge operated at 175°K while
the average copper chamber temperature was controlled at
10°K. Consequently, the number density of helium atoms in
the gauge volume was less than that in the experimental
chamber. The thermal transpiration correction factor was
equal to (10/175)1/2. Making this allowance, the atom
number density ratio between the "upstream" gauge and the
magnetron gauge under test was 3.1 X 105. The upper pres-
sure scale in Figure 8 (magnetron "pressure") was located
in accordance with this ratio. The data suggest that the
calibration procedure is satisfactory to at least 4 x lO_l3
torr. Values above lO_4 torr for the "upstream" pressure

were not useful because the gauge became non-linear in this

region.
The extension of the useful range of the normal magnetron
gauge below 9 x 10714 amps or approximately 3 x 10713 torr

is largely a problem of low current measurement techniques.
Electrical noise, dielectric absorption and leakage currents

are the principal problems.

3.2.2 Inverted Magnetron Studies

The inverted magnetron is a potentially useful total
pressure gauge for the XHV range. This gauge has been described
by Hobson and Redhead[z]. It has the inverse geometry
of the normal magnetron gauge. It requires a higher mag-

netic field and higher anode voltages to operate satisfactorily,
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It is known to have a non-linear, pressure-current response
curve. This response curve is, however, a more nearly
linear function than that of the normal magnetron in its
non-linear range. For this reason, it was anticipated that
the inverted magnetron might have a higher sensitivity in
the XHV pressutre ranges than does the normal magnetron. It
was also possible that the inverted magnetron was less noisy
than the normal magnetron. This factor is of great import-—
ance in measuring the low currents associated with very low
pressures.

In the course of this program five different inverted
magnetron gauges were studied. They were designated as

follows: -

MARK I: This gauge was loaned by the National Research
Council of Canada. It was broken in transit and required

a welding repair to the gauge structure.

MARK II: This gauge was a rebuilt version of MARK I

using a new base, new envelope and new mounting.

MARK III: This gauge was a completely new gauge with
new base, new gauge elements, new mounting and new envelope.
It had a grounded platinum metal coating on parts of the

inside of the glass envelope.

MARK IV: This gauge was MARK III with the platinum

coating removed.

MARK V: This gauge was again a completely rebuilt gauge
using a new base, new envelope, new mountings and new metal
parts. It was fabricated to permit rigorous chemical clean-
ing of all parts and vacuum firing. In the design, emphasis
was given to reducing possible leakage currents from the

anode to the cathode.
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3.2.2.1 Results of Cross-Calibration Studies of Inverted

Magnetron

The MARK I inverted magnetron was used with a magnet
of 1560 gauss field strength to obtain the data shown in
Figure 9 for nitrogen. An extrapolation of the Hobson and
Redhead data is also shown on this graph. The lower portion
of this curve shows a change in slope of the pressure-current
characteristics - a result which was apparently peculiar to
this particular gauge. Later versions of the gauge did not
give a change in slope. Two other things are hoteworthy con-
cerning these data. The sensitivity of the gauge was lower
and the slope greater than reported by Hobson and Redhead[Z].
Since the anode was not perfectly central within the mag-
netron cage, it was decided that the above results perhaps
were not typical. Consequently, MARK II was built.

The MARK II variation of the gauge was used to study
the anode voltage-cathode current characteristics at a
number of nitrogen pressures between 1 x lO_8 torr and
2 x 10_ll torr. The results are shown in Figure 10.

The differences between anode characteristics of the
normal magnetron gauge and the inverted magnetron gauge are
worthy of note. See Figure 6. The inverted magnetron did
not exhibit a decrease in cathode current as the anode volt-
age was increased above a certain value at low pressure as
did the normal magnetron.

Figure 11 is also a plot of the inverted magnetron char-
acteristics and shows the influence of anode voltage on the
sensitivity of the gauge and the slope of its response char-
acteristic. There was no apparent change in the slope
between 6.0 KV and 3.0 KV. The sensitivity of the gauge
(at constant pressure) did not increase substantially for
anode potentials above 6.0KV. Ths slope of the response
curves shown in Figure 1l are in good agreement with data

shown in Figure 10. The curves shown in Figure 11 are not
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[2]

who showed a slope of 1.10 for the pressure current relation-

in good agreement with published data by Hobson and Redhead

ship at 6000 volts. The data of Figure 1l are more closely
matched by a slope of 1.20. However, the sensitivity of this
gauge was in good agreement at 10_'8 torr with the Hobson and
Redhead value of 2.5 amps/torr at 6 KV.

The response cf the MARK II inverted magnetron gauge
did not exhibit a constant ratio of helium~to-air sensitivity.
This effect could be wery important to the XHV experiments
on the inverted gauge and therefore was examined during this
investigation. Figure 12 shows the response curves for helium
and nitrogen compared with the modulated Nottingham gauge.
From the known nitrogen sensitivity and the helium to nitrogen
ionization efficiency ratio, the sensitivity of the modulated
Nottingham gauge for helium was computed to be 0.014 amps/torr.
The measured sensitivity of the inverted magnetron for helium
was then 0.12 amps/torr at 10-9 torr.

A second helium calibration performed approximately two
months later yielded similar results as shown in Figure 12.
Both the slope and sensitivity of the gauge had not changed
substantially during this time although the magnet had been
removed and the gauge baked repeatedly. It appeared that
the characteristics of this gauge were repetitive,

The MARK IIII and MARK IV variations of the inverted mag-
netron gauge were used to obtain further data on the nitro-
gen sensitivity of this type of gauge. The data shown in
Figure 13 however, do nct agree with the previous nitrogen
data shown in Figure 12. The anode voltage and magnetic
field for the gauge were carefully set before the experiments
and remained unchanged., However, the nature of the platinum
coating on the inside of the glass envelope affected the
results considerably because of field emission from the anode
to the coating. The coating was originally applied to fix
the envelope potential of the gaugs and to electrostatically
shield the gauge. However, during the initial start-up the
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discharge refused to "strike" at potentials higher than 3800
volts and it would also extinguish itself if the anode poten-
tial was raised above this point once the gauge had started.
As the anode potential was raised above 4500 volts, a pro-
nounced field emission current was observed in the auxiliary
cathodes after the discharge stopped. A Tesla spark coil
was used to reduce the susceptibility of the gauge to field
emission and the gauge then operated successfully up to
7000 volts.

The leakage and field emission currents in the inverted
magnetron were studied without the magnetic field from 1000
volts to 6000 volts. A small negative current of the order

of 10-l3 amps was observed at low voltage which reduced and

changed sign to a positive current of approximately 2 x lO_l3
amperes as the anode voltage was increased to 6000 volts.
This was interpreted to mean that a leakage current across
the glass base of the tube predominated at low voltage and

emission current predominated at higher voltages.

3.2.2.2 Results of Pressure Ratio Studies of Inverted

Magnetron Gauge

The MARK IV variation of the inverted magnetron was in-
stalled in the XHV system. It was tubulated to the test
chamber and operated at 6000 volts with a magnet of field
strength 1925 gauss. The results were inconclusive. At
cathode currents of less than 10_ll amps {the minimum shown
in Figure 11 for the study of the UHV system) noise increased
to a level which rendered electrometer current measurements
guite dubious.

Since it is possible that an intermittent breakdown
of the anode insulation was occurring in this gauge, its
operation was not considered typical. The MARK V gauge was
then fabricated for the remainder of the studies.

The major improvements incorporated in the new gauge were:-—
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l. No high voltage was applied to the base of the
gauge. The general arrangement of the gauge is shown
in Figure 14. It will be noted that the glass leak-
age distance between the anode and the cathode was
increased to almost the whole length of the gauge.

2. Extreme care was used in fabricating the metal
parts of the gauge. Special attention was given to
polishing in order to reduce possible noise from field

emission.

3. Special chemical cleaning methods were used
to clean both the envelope and metal parts. This was
followed by vacuum firing of the metal parts of the
gauge using induction heating. The gauge elements were
heated to approximately 900°C at 1 x 107°% torr for
several hours. Higher temperatures and lower pressures
could not be used because of excessive evaporation

rate of the metal parts.

Following construction and cleaning, the gauge was given
a series of preliminary tests, both with and without magnetic
fields. 1In the absence of a magnetic field, leakage currents
were found to be very low and limited by the surface conduct-
ivity on the external regions of the gauge. With the magnetic
field applied the gauge was operated down to 5 X 10-8 torr.
The gauge sensitivity was close to that previously obtained
with inverted magnetrons under similar conditions of voltage,
magnetic field, and pressure.

This gauge was then installed in the XHV system. A
magnet with a field strength of 2120 gauss at the center of
the pole faces was used with the gauge. Data were obtained
for three anode voltages; 4000 volts, 5000 volts, and 6000
volts. The data for 4000 volts and 5000 volts are shown in

Figure 15 . The data for 6000 volts are shown in Figure 16 .

34



//,) Auxiliary

- cathode

1 //,,,Anode-_ﬁvl
Auxiliary
Cathode
Cathode
J Cylinder
~_
N
\\
Cathode —— Cathode
Auxiliary Cathode Auxiliary Cathode

Positions of Base Feedthroughs

FIGURE 14 INVERTED MAGNETRON — NEW DESIGN (MARK V)




10-92 [ T T TTTTIT] I ||l|l|| I~ 1T T T TT1H
— -
- INVERTED MAGNETRON (MARK V) 7
- HELIUM CALIBRATION —
— Anode Voltages 4000 & ]
5000 Volts
-10 |  Magnetic Field
10 — Strength 2120 Gauss _?
— — 5000 Volts Slope 1.27 -—1
8,
g -
<10 11 — —]
i) [ _
o _ _
)
H B Volts ]
g —  slope 1.27 4000 Vo ]
o - —]
o]
'8 12
=10 — =
&) — —
10713 — —]
[ . Anode Voltage 5000 Volts ]
: X Anode Voltage 4000 Volts ]
10714 L 1 { bt L1 1Lt L 11l
10712 107t 10710 1072
Pressure (Torr N2)
FIGURE 15

36



Cathode Current (Amps)

1077 = T T TTTTI 1 Illlllll T T T 17T T T T T7TTH
—  INVERTED MAGNETRON (MARK V) ]
—  HELIUM CALIBRATION B

Anode Voltage 6000 Volts

lO_10 —— Magnetic Field Strength 2120 Gauss —
[ ]
[ Slope 1.25 ]|

w07 6000 Volts —

10712 = —
- -
- —

10713 — 3
L -
- e Pressure Decreasing ~
L // X Pressure Increasing _

/

10714 R N ARt R Ll Lt

10713 10712 10711 10710 10”
Pressure (Torr NZ)
FIGURE 16

37



For this calibration the ratio of the upstream pressure
to the pressure in the copper chamber was measured by means
of the nude modulated gauge. The ratio of the pressures
(torr N,) was 7.3 x 104,

netron volume during the test was 218°K. The thermal trans-

The average temperature of the mag-

piration corrections have been applied in Figures 15 and 16.

The Wayne-Kerr Dynamic Capacitor electrometer was used
to measure the ion currents in this test.

However, during the test, a period of erratic and incon-
sistent performance was experienced. A low resistance leakage
path occurred in the ion collector circuit. This was remowed
by using high voltage (Tesla) discharge to the collector.
Consistent gauge performance again occurred after the high
polarization charges had bled off. After the test, the
collector circuit was thoroughly checked. The most likely
cause of the trouble was traced to a slight deposit which
was found to have formed on a ceramic passthrough. This
passthrough is not heated to the maximum temperatures used
during system bakeout. It is possible that contaminants
collected on the passthrough and produced the intermittent
"short".

Because the results were not conclusive a second XHV
pressure ratio experiment was carried out.

Both the Wayne-Kerr and Xeithley 410 electrometers were
used for collector current measurement. Following the test,
the gauge and magnet were removed from the XHV system. The
magnet was found to have a field strength of 1960 gauss at
the center of the pole faces. The results obtained for the-
run are shown in Figures 17 and 18.

In general, this model of the inverted magnetron had
performance characteristics which were much superior to the
gauges tested previously. It had good signal to background
ratios in the lO—12 torr range; but like the normal magnetron,
the sigggl to background ratio became approximately unity at

3 x 10 torxr N2. The gauge continued to operate at lower
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pressures but satisfactory calibration data could not be
obtained because of noise and instabilities.

It will be noticed that the inverted magnetron was
non-linear with a slope of 1.25 for the first calibration
and 1.48 for the second. The slope was independent of the
anode voltage but appeared to be a strong function of the
magnetic field. The gauge sensitivity increased with anode
voltage — the sensitivity being more than proportional to
anode voltage. However, at the higher anode voltages the
data points scatter more than at lower voltages. It appeared
that the gauge stability decreased at conditions involving
high anode voltages and lower magnetic fields. The investi-
gation showed that the sensitivity of the inverted magnetron
increased at higher anode voltages but anode voltage had
little or no effect on the slope. The slope appeared to be
a strong function of magnetic field. Gas composition had
little or no effect when sensitivities are measured in terms
of torr N2.

During the course of this program some five different
variations of the inverted magnetron design have been studied
both by the gauge comparison method and the XHV pressure ratio
technique. The main results of the various tests are shown
in Table I. For comparison purposes data published by Hob-
son and Redhead[2

It will be noted that there is a wide variation in the

are also included in the table.

gauge sensitivities. At comparable fields and voltages the
data of Hobson and Redhead extrapolated to lO_lo torr suggest
a sensitivity of 1.4 amps/torr. The gauge comparison method
“10 torr N, while the

pressure ratio technique gave 0.55 amp/torr. In addition,

gave approximately 0.9 amps/torr at 10

Hobson and Redhead quote a slope of 1.1 at 2060 gauss whereas
the present work gave slopes between 1.2 and 1.3. Hobson

and Redhead found that the slope decreased with increased
magnhetic field and also that gauge design considerably
affected both the slope and sensitivity. It is known that
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TABLE I

PERFORMANCE CHARACTERISTICS OF VARIOUS INVERTED MAGNETRON GAUGES

SUMMARY OF RESULTS

MAGNETIC
SOURCE OF DATA SENSITIVITY VOLTAGE FIELD GAS
Gauge ) Amps/torr#* Slope (volts) (gauss)
MARK I Cross Calibration 0.39 1.88%*% 6000 1560 N,
MARK II Cross Calibration 0.9 1.21 6000 2160 No
MARK II Cross Calibration 0.8 1.21 6000 2160 He
MARK III Cross Calibration 0.9 1.20 6000 2160 N2
MARK IV Cross Calibration 0.9 1.30 6000 2160 No
MARK V Pressure Ratio 0.55 1.25 6000 2120 He
MARK V Pressure Ratio 0.38 1.27 5000 2120 He
MARK IV Pressure Ratio 0.25 1.27 4000 2120 - He
MARK V Pressure Ratio 0.55 1.48 6000 1960 He
MARK V Pressure Ratio 0.39 1.48 5000 1960 He
MARK V - Pressure Ratio 0.25 1.48 4000 1960 He
| Hobson & Redheadl 2 1.4 1.10 6000 2060 N2
* Amps/torr N, measured at or extrapolated to lO_lo torr N2.

*% Below 5 x 10™1l torr the slope was 1.88; above 5 x 1071l it was 1.31 approx.




the permanent magnets used in this work gave considerable
variation in the maénetic field strengths over the magnetron
volumes. If the field used by Hobson and Redhead was more-
homogeneous it is not unlikely that the effective field
strength of their 2060 gauss magnet would be considerably
greater than the 2120 and 2160 magnets used here. This may
explain the larger slopes and consequently the lower sensi-
tivities observed in this study.

3.2.3 Suppressor Grid Gauge

3.2.3.1 Introduction

Before discussing the results of the suppressor grid

gauge calibration in detail, a brief review will be given

[8 ]

gauge. (See Figure 19 for a schematic illustration of the

of the principle of operation of the suppressor grid
gauge and of the processes discussed below.)

Electrons from the cathode are accelerated toward the
grid by the cathode-grid potential difference. A certain
fraction of the electrons are immediately collected at the
grid surface. However, a substantial fraction of the elec-
tron flux from the cathode passes through the grid into the
ionization volume inside the grid cage. Ions are generated
in this ionization volume by collisions between the electrons
and neutral gas atoms or molecules in the volume. These
ions are extracted from the ionization volume by the electric
field in this volume established by the potential difference
between the grid cage and the collector and collector shield
electrodes. A substantial fraction of the ions generated
are extracted and arrive at the collector. The ion arrival
rate at the collector constitutes the measured ion current.

Although this is the principal mechanism of operation
of the gauge, there are several secondary mechanisms which
tend to render the interpretation of the measured collector

current ambiguous. The auxiliary electrodes (suppressor grid
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and modulator) are introduced to remove this ambiguity. The
suppressor grid gauge is specifically designed to eliminate
or suppress the strongest or the most intense of these second-
ary mechanisms, that is, the soft X~ray-induced secondary
electron emission from the ion collector. This secondary
electron emission constitutes a negative current leaving the
ion collector which is indistinguishable from a positive ion
current arriving at the collector. Electrons leaving the
cathode are accelerated to the grid to increase their prob-
ability of generating ions in collisions with neutral gas
atoms or molecules in the grid cage. The accelerated
electrons have sufficient energy as they strike the surface
of the grid (where they are all collected eventually) that
their probability of ejecting a soft X-ray photon is enhanced.
The soft X-rays radiate from the surface of the grid and a
fraction of them arrive at the surface of the ion collector.
For the soft X-ray photons striking the collector surface
there is a certain probability that they will eject secondary
electrons from this surface. These secondary electrons are
then accelerated to the grid constituting a negative current
leaving the collector which is equivalent to a positive ion
current arriving at the collector. This secondary emission
current from the ion collector therefore renders the inter-
pretation of the measured collector current ambiguous since
an unknown fraction of the total measured collector current
is not due to ions but is due to secondary electron emission.
Thus, the measured collector current is not only related to
the ion production rate and (therefore gas density) but is
also related to the production rate of secondary electrons.
As the gas density is decreased, the number of ions gener-
ated decreases and at very low pressures the ion arrival
rate at the collector constitutes a current that is small
compared to the soft X-ray-induced secondary electron
emission current from the collector. The ion current, which
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is proportional to pressure, is thus completely obscured
by the secondary electron emission current as the pressure
becomes sufficiently low. Thus, pressure measurement is no
longer possible.

A description of how the suppressor grid acts to elim-
inate or suppress the secondary electron emission from the
collector follows. The secondary electron emission current
from the collector can be eliminated or suppressed by plac-
ing a suppressor grid above the surface of the collector
and applying a sufficiently high negative voltage that a
repulsive field for electrons is created at the surface of
the collector. The soft X-ray-ejected secondary electrons
are immediately returned to the surface of the collector
under the action of the repulsive field generated by the
suppressor grid. The time average of secondary electron
emission and subsequent re-absorption is thus zero. The
suppressor grid has therefore effectively suppressed the
soft X-ray-induced secondary electron emission from the
ion collector.

If the action described above were the only effect
of the suppressor grid, the meésured collector current
would consist of ion current only and would be a function
of pressure only. The suppressor grid gauge would then be
capable of measuring very low pressures. However, while
the action described above is the principal effect produced
by the suppressor grid it is not the only effect. There
is a secondary effect resulting from the action of the sup-
pressor grid which induces a new kind of secondary electron
current: A small fraction of the soft X-ray photons inci-
dent upon the collector surfac¢e are reflected and a small
fraction of these reflected photons strike the suppressor
grid and eject secondary electrons which are accelerated
to, and collected by, the ion collector. These secondary
electrons arriving at the collector constitute a negative

current which subtracts from the ion current in any measurement
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of the total collector current. This new kind of secondary
emission current is not only very much smaller than the
secondary emission current which the suppressor grid sup-
presses, but it it opposite in sign. The net result is
that the suppressor grid gauge has a substantially lower
limit of detectability for pressure than the conventional
Bayard-Alpexrt or Nottingham ion gauges.

The ambiguity in interpretation of the measured col-
lector current caused by the secondary electron emission
current from the suppressor grid to the collector may be
removed by introducing a modulation electrode. The function
of the modulation electrode is as follows: A modulation
grid is placed inside the grid cage at the ion exit aperture.
The modulator is switched between grid potential and ground po-
tential. It has a negligible effect on the ion trajectories
between the grid cage and the collector, but with the modu-
lator at ground potential, the ion collection efficiency is
increased, and thus for the same pressure, the measured ion
current is increased. The modulation grid has a negligible
effect on the soft X-ray flux. The measurement of the col-
lector current with the modulator at grid potential (Il) and
then at ground potential (12) provides sufficient data to
separate the total collector current into two components:
the true ion current (i), that part of the collector current
related to pressure, and the secondary electron emission
current (iXL that part of the collector current related to
the reflected soft X-ray-induced secondary electron emission

current from the suppressor grid to the collector. The true

ion current is then calculated from the equation[ 3].
;.27 h
(o - 1) °

where (a) is the modulation coefficient determined experiment-—

ally, at pressures sufficiently high that the soft X-ray-induced
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current may be neglected, according to the equation

y o2
Il
The above modulation procedure yields a limit of detect-
ability for pressure measurement that is lower than that

attained with the suppressor grid only.
3.2.3.2 Results

The data reported here are the results of experiments
conducted on the latest version of the suppressor grid gauge
which has evolved from a series of modifications, improve-
ments and developments. In fact, the latest version of the
instrument is more accurately described as a modulated
suppressor grid gauge. The construction of the final ver-
sion of the modulated suppressor grid gauge is shown in
Figures 20, 21, 22, and 23,

The suppressor grid gauge has been calibrated from

5

approximately 10 ° torr to 10713 torr N,. The calibration

gas was helium. The direct comparison method was used from

10-5 torr to lOc-lo

used from 1072 to 10713 torr. Data were obtained for cathode

torr and the pressure ratio technique was

emission currents of 1.0 and 10.0 Ma. In the lower pressure
ranges data were obtained for several values of suppressor
grid voltage. Some modulation data were also obtained at
low pressures.

Figure 24 presents a plot of the suppressor grid gauge
collector current as a function of pressure for an emission
current of 10.0 Ma. It may be observed that even at a sup-
pressor grid voltage of =485 volts, complete suppression of
the soft X-ray-induced secondary electron emission current
from the collector was not achieved. From these data it is
also clear that the unsuppressed X-ray=-induced residual cur-

rent is approximately an order of magnitude higher than the
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residual current of a conventional Bayard-Alpert or
Nottingham ion gauge. This result was anticipated and is
consistent with the large area of the ion collector in
the suppressor grid gauge. The fact that the suppressor
grid gauge has a large unsuppressed residual current in-
troduces no new problems since the gauge would normally
be used in the suppressed mode of operation, that is, with
this direct soft X-ray-induced secondary electron emission
current from the ion collector completely suppressed.
Figure 25 presents a plot of the suppressor grid gauge
collector current as a function of pressure for an emission
current of 1.0 Ma. It is clear from the shape of the curves
in Figure 25 that the secondary electron emission current
from the ion collector is completely suppressed at the sup-
pressor grid voltage of =665 volts. In fact, the measured
residual current at this suppressor grid voltage was =5.4
X 10"14 amp. This negative value for the residual current
not only indicates that the secondary electron emission cur-
rent from the ion collector was completely suppressed but
that the residual current now consists of a secondary
electron emission current from the suppressor grid to the
ion collector induced by soft X-rays reflected from the ion
collector to the suppressor grid. The data of Figure 25
indicates that the total ion collector current passes
through the value zero at a pressure of 2.7 x lO—12 torr N,
for an emission current of 1.0 Ma. The total collector
current is negative below this pressure since the true ion
current, although positive, is smaller in magnitude than
the negative secondary electron emission current from the
suppressor grid to the ion collector. However, these data
do not imply that the suppressor grid gauge cannot be used
to measure pressures lower than 2.7 x 10_12 torr. In fact,
the modulation technique may be used to sort out the vari-
ous current components such that lower pressures may be

measured.
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Figure 26 gives the results of an experiment in which
the modulation technique was used. The full curve gives the
calculated true ion current as a function of pressure obtained
from the modulation equations. The dashed curves give the
total collector currents for the modulator at grid potential
and at collector (ground) potential. It is apparent from
Figure 26 that pressures lower than lO_12 torxr N2 may be
measured with the.modulated suppressor grid gauge.

The residual current of the suppressor grid gauge was
measured for several grid voltages (Vg) and several suppressor
grid voltages (ng). The ion collector current as a function
of electron acceleration voltage is presented in Figure 27
for two suppressor grid voltages. From the shape of these
curves it is clear that the residual current is of the form

m

i =%k (V -V
lcr (g k)

which indicates that the residual current is secondary elec-
tron emission from the ion collector induced by soft X-ray
photons incident upon the collector which were ejected from
the grid by electron bombardment. From the data presented
in Figure 27 it may be observed that applying =300 volts to
the suppressor grid reduces the residual current by approx-
ifiately an order of magnitude.

Figure 28 presents data on the residual current as a
function of suppressor grid potential. Although not shown
on this curve, the residual current approaches zero some-
where between -575 volts and =665 volts. The data for an
emission current of 1.0 Ma would yield a current similar in
shape to that shown in Figure 28 but would be approximately
one order of magnitude lower. For an emission current of
1.0 Ma the residual current is -5.4 x 1012 amps at a sup-
pressor grid potential of =665 volts. This latter residual
current is different from the residual current shown in

Figure 28 since it is a secondary electron emission current
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from the suppressor grid to the collector whereas the current

plotted in Figure 28 is a secondary electron emission current

from the collector.
3.2.3.3 Discussion

In principle, the suppressor grid voltage could be ad-
justed to a value such that the secondary electron emission
from the collector is not completely suppressed, but rather
only reduced to a value which is equal in magnitude to the
secondary electron emission from the suppressor grid to the
ion collector. For this particular value of suppressor
grid voltage the two secondary electron emission currents
would be exactly equal but opposite in sign. Therefore,
their total contribution to the collector current would be
zero. That is, under this specific condition the suppressor
grid gauge output current (collector current) would be only
a function of pressure. While it is possible in principle
to specify the exact value of suppressor grid voltage which
reduces the total residual current to zero, it is not con-
sidered practical since very slight changes in the location
of the suppressor grid would induce substantial changes in
the repulsive electric field above the collector surface.
This would in turn induce substantial changes in the fraction
of the secondary electron emission from the collector that
is reflected by the suppressor grid. Slight changes in the
location of the suppressor grid are to be expected as a re-
sult of high temperature degassing required to clean the
gauge. Under these conditions a new suppressor grid voltage
must be determined which would again make the two secondary
electron emission currents equal. This determination must
be done experimentally at very low, known pressures. Thus,
this mode of suppressor grid gauge operation is not con-
sidered practical.

It is considered much more practical to completely

o7



10

| | T | | I T 1 | |
L P9 x 107 porr #
5 i_ = 10.0 Ma ~
- Vg = 150 -
Vk = 35 Volts

(Amps)

i

-13

10 | - l L | | ]

0 100 200 300 400 500 600

ng

FIGURE 28 SUPPRESSOR GRID GAUGE RESIDUAL CURRENT AS
A FUNCTION OF SUPPRESSOR GRID POTENTIAL

58



suppress the secondary emission current from the collector

and apply the modulation technique to the secondary electron

emission current from the suppressor grid to the ion collector.
The limit of detectability for pressure of the modulated

suppressor grid gauge is not accurately known since the curves

of Figure 26 are based on a small number of data points.

However, if no new anomalies are encountered at lower pressures

and a satisfactory signal to noise ratio can be achieved, it

is estimated that the limit of detectability for pressure

may approach 10_14 torr N2, based on the present state—-of-

the-art in small current measurement techniques.

3.2.4 Nude Nottingham Gauge

During the course of the present program, a nude modu-
lated ion gauge played an essential role in the pressure-
ratio technique for gauge calibration in the XHV system.

The gauge was mounted inside the experimental chamber of the
XHV. It had the same gauge element structure (except for
the modulating electrode) and the same operating parameters
as the upstream gauge (See section 3.1.2). Consequently,

by operating the two gauges at identical emission currents,
the pressure ratio across the capillary, that is, the ratio
between the upstream gauge and the nude gauge in the experi-
mental chamber, was equal to the ratio ion currents of the
two gauges. However, since the nude gauge operated in the

2 to lO_ll torr, it was essential that the

range of 10
residual current (X-ray) of the gauge be known accurately.
The method used was essentially the same as that described
by Redhead[3 ]. A modulating electrode was mounted within
the grid structure of a nude Nottingham gauge which had the
following characteristic dimensions:— grid, 27 mm diameter,
39 mm long (closed ends); outer grid or shield, 38 mm
diameter, 46 mm long; modulator 0.51 mm diameter, located

about 0.3 mm from grid; collector 0.13 mm diameter.
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When the gauge was operated at 3.0 Ma emission, the
sensitivity was 0.1 amp/torr N,. A grid voltage of 148
volts was used; the filament bias was 36 volts.

when the modulator is at grid potential (Vg) the total
collector current (I)V -V is given by

m

(I)V -7 = i, + i
m g

where ic = positive ion current
ir = residual current
When the modulator is at ground potential a fraction
(1 - a) of the positive ions are collected at the modulator.
The resulting collector current is:
(I)Vm“0 =a i+ i,
These equations may be solved simultaneously to obtain
both o and ir
of doing this is to subtract the above equation and solve

and hence values of ic. A convenient method

for ic so that

Dy w - Dy o
m_ g m

i =
c l - q

This value of ic may then be substituted in the first

equation, which on rearranging gives

My w =1 L - EI)V w - Dy -o] + i
m g m g m

Consequently, a linear plot of (I)V & Vversus (I)V v (I)V =0
m g m g m

should yield a straight line with a slope of 1 E = and an

intercept of ir'
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Typical plots of the above equation are shown in Figures
29 and 30. Reasonable linear results are obtained to sup-
port the general procedure. At 3.0 Ma emission where the
gauge sensitivity is 0.10 amp/torr N, the refi?ual current

was found to be 1.4 x 10~ %2 amps or 1.4 x 10 torr N,.

At 6.0 Ma emission the residual current was found to be

3.2 x 10712 amps. It will also be noted that the modulation
factor varied from 0.57 at 3.0 Ma to 0.52 at 6.0 Ma. Accord-
ing to the theory presented by Redhead[3 ], a should remain
constant with variations in the emission current and the
value of ir should be proportional to the emission current.
The above data agree with these requirements within approx-

[9] and Hobson 10]

imately 12%. However, recently Appelt
have examined the modulation procedure in more detail and
in general the evidence suggests that a single modulating
parameter as presented above is perhaps an oversimplification
of the overall process. Nevertheless, the above procedure
appears to yield consistent results at any one setting of
the emission current down to ion currents equal to about
50% of the residual current. That is for 3.0 Ma emission
the modulated nude gauge has given constant results down
to approximately 7 x 10712 torr.

In order to obtain accurate measurements of ion cur-
rents below 10_9 torr with such a gauge it is imperative
that the residual current be small and accurately known.
This requires not only a procedure for measuring the residual
current, but also the requirement that the gauge be clean.
Vigorous electron bombardment (250 Ma at 500 volts) at low
pressures (lO_9 torr and lower) for several hours was gen-
erally adequate to obtain low residual currents. Redhead[ll]
has also shown that the modulation method is useful in
detecting the presence of anomalous residual ion currents.
Redhead[llJ and.Alpert[lz]

an oxygen ion desorption current from the grid. These

have interpreted this effect as

adsorbed gases are also desorbed as neutrals which again
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indicated gauge pressures larger than true system pressures.
The modulation technique then is useful, not only in eval-
uating the true X-ray-induced secondary electron emission
from the collector, but also in detecting adsorbed gases,
such as oxygen, which manifest themselves through anomalous
residual currents. Thus, in order to use a hot filament
gauge with confidence to measure pressures in the UHV range,
it is required that the total residual current equal the
X-ray residual current. However, these procedures are not
without practical difficulties. An important requirement
is that the gauge never be exposed to likely contaminants
and that high pumping speeds be available during the out-
gassing procedures. A nude gauge inside a cryogenically
pumped system is one method of exposing the gauge elements
to high pumping speeds to facilitate degassing. In practi-
cal systems where possibilities of contamination may not
always be eliminated, it may not always be possible to
guarantee low residual currents. Hence, the measurement

12

of pressure in the 10 torr range by the modulation

procedure may not always be feasible.

3.2.5 Feasibility of Nitrogen Calibrations Using Pressure

Ratio Technique in XHV

In previous work on gauge calibration in the XHV system
by the pressure ratio method, helium gas has been used ex-
clusively. It has been established that at 10°K and the
pressures involved, the amount of helium adsorbed is so small
that pressure changes will not introduce pressure ratio errors
by causing significant amounts of helium to be adsorbed or
desorbed from the walls of the experimental chamber. However,
it would be attractive if the XHV system could be used for
calibration of gauges using gases other than helium. Nitrogen
and/or argon calibrations would be useful. In order to use
the pressure ratio technique for nitrogen for instance, it

would be necessary to develop background pressures in the
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system several orders of magnitude below the desired minimum
calibration temperature. In addition it would be necessary
to establish these pressures at temperature levels where
significant adsorption of nitrogen would not interfere with
the pressure-ratio method. Operation of the system at 10°K
under these circumstances is not feasible because nitrogen
would be cryopumped with high efficiency. The temperature
must be in excess of 77°K, probably of the order of 85°K.

An experiment was conducted to determine the practica-
bility of using nitrogen as a calibration gas in the XHV
range. The XHV system was operated with the experimental
chamber at a number of temperatures in the region of 80°K.
The background pressures established are shown in Figure 31.
The inverted magnetron which had been previously calibrated
in the XHV system was used for pressure measurement. The
data showed that at the temperatures required for nitrogen
calibration (85°K), background pressures were approximately
1l x 10-10 torr N2. Consequently, the pressure ratio tech-
nique would only be practical down to values of approxi-
mately 1 x lO—8 torr for nitrogen.

Much lower calibration pressures would be feasible for neon
and hydrogen. However, the interest in these gases is not
as high as for nitrogen and helium and no experimental

measurements were made with them.
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4.0 DIRECTIONALITY STUDIES

The main objective of this section of the program was
to determine the sensitivity dependence of a gauge on the
flux incidence angle. For this work a nude modulated Not-
tingham ion gauge was mounted in a beam of argon atoms in
such a way that the gauge could be rotated through 90 de-
grees while maintaining the center of the gauge in the
center of the beam. A schematic diagram of the experimental
arrangement is shown in Figure 32.

Argon gas was allowed to flow from the "upstream" sys-
tem at a pressure of approximately 10—4 torr through a
capillary into the experimental chamber. The chamber was
maintained at 9 #1°K. At this temperature, the walls of
the experimental chamber cryopumped the argon with a high
capture probability. The nude modulated ion gauge was
mounted directly on the axis of the beam opposite the out-
let of the capillary at a known distance from it. A capil-
lary was used because, according to beam theory[13 , the
intensity of the molecular beam on the axis of the capillary
is not less than the intensity which would be obtained with
an orifice having the same diameter as the capillary. The
intensity may be calculated from beam theory for a sensor
located both on the normal to plane of the orifice and at
various angles to it. However, for a capillary, the inten-
sity at an angle to the axis is less than that for an
orifice and, in general, the value is not easily predicted
by theory. Clausing[l4], however, has calculatéd the
intensity distribution for a length to diameter ratio of
one. The advantage of using a capillary is that the total
amount of gas which must be cryopumped is reduced over that
for an orifice. For the present work, two capillary sizes
were used. In the preliminary beam studies the capillary
was 4.0 cm long by 0.25 cm diameter. In the directionality
measurements the capillary was 0.25 cm long and 0.25 cm
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diameter. Hence, for the latter work, Clausing's calculations

could be used to determine the variation of beam intensity
over the gauge structure. For the gauge and beam dimensions
used, Clausing's data indicates that the intensity would be
4% lower at the top and bottom of the gauge than at the
center. Over the area of the gauge the decrease would be
approximately 2%.

Both the nude modulated gauge in the beam and the up-~
stream gauge were operated with emission currents of 3 Ma.
At these currents the gauge sensitivities are 100 Ma/torr
Nzo For this reason the argon pressures are most easily
expressed in terms of torr nitrogen. The ratio of the argon
to nitrogen sensitivity for this type of gauge is approxi-
mately 1.2. The temperature of the argon beam was between
110 and 120°K. At these temperatures, the RMS velocity of
the argon is approximately 260 m/sec.

4.1 RESULTS

The results of the effect of changing the angle at
which the gauge was mounted in the atomic beam are shown
in Tables IJand II1. It will be noted that gauge output sig-
nal increased as the angle between the beam and the axis
of the gauge decreased. The amount of the increase was
greatest between 30 and 15 degrees (See Figure 33 ). The
magnitude of the increase was approximately 24% over that
when the beam passed through the gauge at right angles to
the grid axis.

The cause of the increased signal was back scattering
of atoms from the structure used to hold the nude gauge.
This structure was a flange, 3 3/4 inches in diameter and
located at right angles to the grid axis, 2 inches from the
center of the grid. The geometry involved indicates that
as the gauge was rotated some back scattering would occur

even at ‘75 degrees. It would gradually increase at high
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TABLE II

EFFECT OF BEAM ANGLE ON SENSITIVITY OF NUDE ION GAUGE
5

(INLET PRESSURE GAUGE READING 8.9 x 10 ° TORR)
BEAM ANGLE* NUDE GAUGE SIGNAL**
(°) (amps)
90 2.46 x 1071
75 2.49
60 2.52
45 2.61
30 2.66
15 2.94
0 3.05

* Angle between beam and axis of grid cylinder of gauge.

*% Sensitivity of Nude Gauge 0.1 amp/torr N,. The re-
sidual current of 1.3 x 10-12 amps as determined by
the modulation technique have been subtracted to give
the above results.



TABLE III

EFFECT OF BEAM ANGLE ON SENSITIVITY OF NUDE ION GAUGE
4

(INLET PRESSURE GAUGE READING 7.5 x 102 TORR)

BEAM
ANGLE* NUDE GAUGE SIGNAL

(°) (amps)

Test 1 Test 2 Test 3

90 2.78 x 1010 2.63 x 1010 2.69 x 1010

75 2.84 2.77

60 2.90 2.78

45 2.92 2.83

30 2.94 2.90

15 3.25 3.22

0 3.37 3.34 3.30 x 10710

* Angle between beam and axis of grid cylinder of gauge.
Sensitivity of Nude Gauge 0.1 amp/torr N, -




)

Relative Gauge Output

DATA FOR THREE SEPARATE EXPERIMENTS

w
[ ]
o

[3S]
O

[\)
L]
[0¢]

[\
L]
~

| | | 1 I [ | 1 l | | ! |

] 1 | | | | L 1 | | | | |

FIGURE 33

75 60 45 30
Angle Between Beam and Gauge Axis (Degrees)

EFFECT OF FLUX ANGLE ON GAUGE SENSITIVITY

15




angles but between 30 and 15 degrees increase rapidly to
aiﬁost the maximum value of back scattering. Assuming that
back scattering from the gauge mounting structure follows

a cosine law distribution, it has been estimated that the
maximum increase in signal should be 21%. This agrees well
with the value of 24% found experimentally. These results
suggest that the output from a gauge is only dependent on
the number density within the grid volume. If the gauge
were supported so as to eliminate back scattering, it would
appear then that the gauge output would be independent of
orientation within a beam.

In the course of the above studies, direct measure-
ments of the beam intensities in the absence of back scat-
tering were made (normal incidence). These may be compared
with the intensities expected on the basis of beam theory.
Typical results are presented in Table IV. In general, the
beam intensities measured in Tests 1 through 4 were closer
to theoretical than in Tests 5 through 8 in which the measured
sensitivities averaged approximately 20% lower than the
theoretical values. 1In analyzing the data, several pertinent
facts should be considered. First, the argon gas was fed
to the beam capillary by means of a 1/2 inch in diameter
stainless steel tube approximately 4 feet long. This tube
was not isothermal. Consequently, it was necessary to
estimate the number density at the beam capillary by apply-
ing a thermal transpiration correction to the measured
number density (pressure) at the inlet end of the 1/2 inch
tubing. This correction has been applied to data in Table IV.

Secondly, in order to accurately calculate the theoret-
ical beam intensity, the temperature of the enclosure
(furnace) in which the beam originates should be known
accurately. Since the 1/2 inch tubing was not isothermal,
the beam temperature is not defined. For the purpose of
the calculation required in Table IV, the beam temperature

was assumed to be the temperature at the inlet capillary.
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TABLE 1V

COMPARISON OF THEORETICAL AND EXPERIMENTAL
VALUES OF ARGON BEAM INTENSITIES

TEST UPSTREAM GAUGE TEMPERATURE BEAM "PRESSURE"
No. READING AT BEAM INLET MEASURED THEORETICAL
torr N2 °K torr N2 torr N2

1 1.3 x 1074 112 3.9 x 10719 3.7 x 10719
2 1.05 x 1074 112 3.3 x 10710 3.0 x 10710
3 7.4 x 1074 112 2.6 x 107° 2.1 x 1072
4 7.3 x 1074 112 2.7 x 107° 2.1 x 1077
5 8.9 x 107> 115 2.46 x 10710 3.8 x 10730
6 7.5 x 1074 115 2.78 x 107° 3.2 x 1072
7 7.5 x 1072 115 2.63 x 1077 3.2 x 1072
8 7.5 x 1074 115 2.69 x 1072 3.2 x 107°

Tests 1 through 4 with capillary 40 cm long x 0.25 cm diameter.
Tests 5 through 8 with capillary 0.25 cm long x 0.25 cm diameter.




In fact,the beam temperature would have been somewhat greater
than this.

Thirdly, an ion gauge was used to measure the "upstream"
pressure. The gauge was not calibrated for argon and in
addition, it is known that the type of gauge used becomes
non-linear at a gauge reading of about 10_4. Consequently,
at the higher pressure levels the quoted values are probably
low. The non-linear characteristics of the "upstream" gauge
probably account for the lack of direct proportionality be-
tween the beam and the furnace "pressure" as indicated by
the upstream gauge.

It is also possible that at the higher pressures, de=-
partures from theoretical performance were caused by adsorption
effects and the use of pressures in excess of those required
for true molecular flow relationship.

Nevertheless, despite the above uncertainties, the

measured beam intensities were close to theoretical.

4.2 MEASUREMENT OF BACKGROUND INTENSITIES DURING ARGON
BEAM STUDIES

Three main sets of experiments were carried out with
argon beaming but in each case experimental difficulties
prevented the making of direct measurements of the signal
to background ratio.

In the first set of experiments, the gauge for measur-
ing the beam intensity operated satisfactorily but the
background gauge was incorrectly located. In the second
series of tests, a calibrated gauge was used to measure
background intensities during beaming but the nude gauge
in the beam failed during outgassing immediately prior to
making intensity measurements. In the third test the nude
beam gauge operated well but a new background gauge failed
to measure low pressures satisfactorily. However, despite
these difficulties good estimates of the signal to background

ratios should be provided by comparison of the three sets of
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results because in each series the capillary diameter was

not changed and the upstream pressure gauge readings were
maintained at comparable levels. And, in general, the beam
intensities were shown to be reproducible and roughly propor-
tional to the reading of the inlet pressure gauge. With a
beam intensity (calculated from the upstream pressure) of

1.9 x 1072 torr N

2I
2 x 10‘13 torr N,. Under these conditions the signal to

background ratio was greater than 9.5 x 103° These results

the background pressure was less than

were obtained with the nude gauge operating at 3.0 Ma emission.
However, care had to be exercised in not operating the

hot filament nude gauge for excessive periods of time along

with high beam intensities. It appeared that significant

thermal desorption of argon occurred when those areas which

had previously adsorbed argon were exposed to the thermal

load from the nude gauge. But these effects were not crit-

ical. PFor instance, in the above quoted signal to background

ratio of 9.5 x lO3 the gauge had been operating for six minutes.
In order to maintain low background values the follow-

ing precautions were adopted:

1. The hot filament gauge in the beam was oper-

ated intermittently.

2. The surface used to cryopump the beam was in
good thermal contact with the refrigerating medium and

was not unduly exposed to the heat load of the gauge.

3. The beam was collimated and baffled so that
significant amounts of gas outside the useful beam
were not cryopumped by regions exposed to thermal

radiation from the gauge.

4. The beam was operated only as required in

order to decrease the total amount of gas cryopumped.
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5.0 DYNAMIC RESPONSE OF ION GAUGE

5.1 INTRODUCTION

The question has been frequently raised: What are the
dynamic response characteristics of an ion gauge? In con-
ventional frequency response terminology this question may
be thought of as follows: Over what frequency range of
sinusoidal pressure variation is the output of an ion gauge
flat or independent of frequency? The measurement of the
dynamic response characteristics of an ion gauge involves
several specialized problems requiring rather specialized
experimental methods which depart from the conventional fre-
quency response techniques. It is only possible to conduct
a conventional frequency response test on an ion gauge if
sinusoidal density variations can be introduced directly
into the grid cage of the ion gauge. This requires that
a diffuse gas source be placed inside the grid cage and
the gauge be surrounded with a pump having unlimited speed.
The apparatus required would alter the potential distri-
bution inside the grid cage in a complex manner. This
method was therefore rejected. Another method considered
was to place the ion gauge in a sinusoidally-chopped atomic
beam and to surround the gauge with a pump having an unlimited
speed. The chopping frequency would then be varied and the
amplitude of the gauge response measured as a function of
chopping frequency. Although the pumping requirements can
be reasonably well satisfied for certain gases by cryopump-
ing at very low temperatures, there are several serious
problems encountered in this technique. A rough estimate
of the speed of response of an ion gauge indicates that no
attenuation in response will be observed until the chopping
frequency approaches lO6c/s. Thus, a critical test of the
ion gauge dynamic response requires a very high rotational

velocity of the chopper. The shaft support bearings and
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drive motor of a high-speed chopper are somewhat incompatible
with ultrahigh vacuum conditions. The most serious problem
concerns the intrinsic properties of the chopped beam. The
chopped beam gas source is a Maxwellian gas, thus, in each
packet of atoms in the chopped beam there is a wide distri-
bution of velocities. At high chopping frequencies this
velocity distribution tends to smear the atomic packet and
adjacent atomic packets in the chopped beam soon overlap
unless the total length of the beam is very short, This
requires that the beam detector (ion gauge) be very near
the chopper. This problem can be resolved with multiple
chopping or velocity selection but the apparatus is compli-
cated and not well suited to this application.

Rather than consider the dynamic response characteris-
tics of an ion gauge in terms of conventional frequency
response techniques, it is probably more meaningful in the
usual ion gauge application to measure the time constant of
the instrument. The time constant is the time the gauge
requires to respond to the gauge. Accurate dynamic measure-
ments may be made if the time interval over which the pressure
variation occurs is large compared with the gauge time con-
stant. An experiment was conceived which would at least put
an upper limit on the ion gauge time constant. That is, from
the results of the experiment it should be possible to con-
clude that the ion gauge time constant is less than a certain
value.

The experiment is a dynamic desorption experiment in
which a short, steep rise, gas pulse is obtained by flash
desorption of a gas from a pulse heated, cold filament onto
which has been previously adsorbed a specific gas. If the
cryogenic temperature of the filament is not far from the
normal boiling temperature of the gas to be used, the gas
may be almost completely desorbed from the filament in a few
microseconds. The desorption requires a very small amount

of energy.
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A convenient choice of cryogenic temperature for the
filament during adsorption is 77°K. At this temperature
argon is a natural choice of gas since it is easily adsorbed
at relatively high coverage on a 77°K filament. Argon is
also a particularly suitable gas for study of gauges, being
inert and having an ionization probability rather like nitro-
gen. Negligible adsorption of argon occurs at room tempera-
ture so that the experimental apparatus may be maintained

quite gas—-free except for the cold, flash desorption filament.
5.2 APPARATUS

The experimental apparatus for the ion gauge dynamic
response experiment consisted of a Nottingham ion gauge and
a flash desorption filament in a metal envelope. The de-
sorption filament was welded to heavy mounting posts which
passed through the bottom of a liguid nitrogen dewar. The
dewar was mounted on the gauge envelope with metal sealed
flanges. The length of the desorption filament support
posts was such that the filament position was 1.5 cm from
the grid cage and parallel to the grid cage axis. The fil-
ament was 10 microns diameter and 2 cm long. A 95% trans-—
parent, grounded, tungsten grid was placed between the
desorption filament and the grid cage to shield the gauge
from the desorption filament electrical firing pulse and
to prevent electrons from the gauge filament from reaching
the desorption filament during firing. The support posts
passed up through the 1liquid nitrogen and out of the dewar
to the filament pulsing circuit secured to the outside of
the dewar. 2An all-metal, UHV, controlled leak valve was
welded into the metal gauge envelope to provide for back-
filling the envelope with argon. The complete assembly was
secured to an ultrahigh vacuum system through an all-metal
valve such that the experimental apparatus could be isolated

from the vacuum system during back-filling with argon
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(See Figure 34 ). The pulsing circuit for the flash desorp-

tion filament consisted of a capacitor connected in series
with the filament leads by a relay which was energized by a
manually operated auxiliary circuit. The heating pulse time
interval and the total energy in the heating pulse may be
varied independently by varying the capacitance and the
charging voltage. The time interval of the heating pulse

is determined by the instantaneous decay rate of the RC cir-
cuit which even though non-linear, is a function of the pro-
duct of the instantaneous filament resistance and the
capacitance. The total energy in the heating pulse is a
function of the product of the squared charging voltage and
the capacitance. The capacitor was charged by momentarily
switching it into an auxiliary circuit containing a battery
of known voltage immediately prior to pulsing the flash de-
sorption filament. One of the relay contacts which closed
the desorption filament-capacitor circuit was used in another
auxiliary circuit to provide a trigger pulse to start the
scope sweep circuit. The scope input could be connected
either across the desorption filament to measure the time
history of the voltage appearing across the filament or
directly to the ion gauge collector to measure the time
history of the gauge output ion current resulting from
flashing the adsorbed argon off the desorption filament.

The DC scope had an input impedance of 1 meg and a band-

width of 2.0 Mc/s. See Figure 35 for the circuit schematic.

5.3 PROCEDURE

The argon leak system was evacuated and purged several
times and the leak valve then closed. The apparatus was
pumped down and degassed. The Nottingham gauge was degassed
by electron bombardment at 1200°C. The flash desorption
filament was heated by direct current to 2200°C for degass-

ing. The envelope was induction heated to 550°C. After
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degassing the pressure dropped to 6 x 10” torr N, as

determined by the Nocttingham gauge operating at stgndard
voltages and emission current.

The integral liquid nitrogen dewar was filled and
sufficient time allowed for the desorption filament to
cool to 77°K. The temperature of the filament was de-
termined by measuring its resistance. After the filament
had cooled to 77°K with the remainder of the apparatus at
300°K and the ion gauge operating, the valve between the
UHV system and the apparatus was closed and the gauge envelope
back~filled to 10_5 torr N, with argon. The leak valve
was then closed and the gauge envelope evacuated by opening
the valve to the UHV system. As soon as the system had
pumped the argeon from the gauge enclosure, the capacitor
was charged and the desorption filament pulsed.

The time history of the voltage appearing across the
desorption filament during application of the current pulse
was displayed on the scope and the trace photographed. The
above procedure was repeated several times to assure that
there were no variations in the measured parameters. After
the filament voltage time history and the capacitor discharge
period were measured, the above procedure was repeated with
the ion gauge collector current displayed directly on the
scope and the trace was photographed. This was repeated
several times for each of several scope sweep speeds so as
to define accurately the leading edge of the collector cur-
rent pulse and also to obtain data on the maximum amplitude
and the total duration of the collector current pulse.

The entire experiment was repeated for different values
of energy stored in the capacitor and for different capacitor
decay periods.
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5.4 RESULTS

The measured results for various pulsing capacitors and
charging voltages used in this series of experiments are
very similar, showing no degradation in response of the ion
gauge as shorter pulsing periods were applied to the desorp-
tion filament. However, the shortest pulsing period provided
the most critical test of the dynamic response of the gauge.
Since even the shortest pulse used did not exceed the flat
response range of the gauge, only these results will be
presented in detail and later discussed in detail.

The measured duration of the current pulse through the
desorption filament was 7 microseconds. From the measured
voltage time history across the desorption filament during
the heating current pulse and from the known heat capacity
and resistivity of tungsten, the final temperature of the
desorption filament was calculated to be 194°K occurring,
of course, at 7 microseconds. From isotherm data on adsorbed
argon it is known that little of the adsorbed argon on the
filament will be desorbed before the temperature reaches
approximately 90°K. The filament reached this temperature
in approximately 0.5 microsecond.

The time at which the trace of the ion current first
began to show a positive slope was 60 microseconds after
the beginning of the current pulse. That is the first
indication at the gauge output, of the transient gas pulse
desorbed from the filament, appeared 53 microseconds after
the filament had reached its final temperature. The maxi-
mum gauge output current appeared at 500 microseconds after
the beginning of the heating pulse and the collector current
had returned to its initial value (before desorption) at
9.5 msec after the beginning of the heating current pulse.
The maximum value of the collector current (at 500 micro-
seconds) corresponded to a pressure of 2 x lO_8 torr N, .

See Figure 36 for reproductions of the ion current time

history at three different sweep speeds.
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a) Initial Rise of Desorption Pulse

Ordinate: 5 x 10~2 Amp/cm
Abscissa: 10 usec/cm

b) Peak of Desorption Pulse
Ordinate: 5 x 102 Amp/cm
Abscissa: 100 psec/cm

c) Complete Desorption Pulse
ordinate: 1 x 10~2 Amp/cm
Abscissa: 1 msec/cnm

FIGURE 36 ION COLLECTOR CURRENT-TIME HISTORIES
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5.5 DISCUSSION

In the following discussion the above measured data will
be interpreted and compared with calculated data. The first,
and perhaps the most significant, question to be answered is
what is the minimum period of time between the entrance of
a gas atom into the grid cage and the appearance of an ion
at the collector. It should be remembered that gas atoms
at ordinary temperatures travel very much slower on the
average than ions in only modest electric fields. Thus, the
shortest transit time between grid and collector will occur
if the slow moving atom is ionized immediately as it passes
through the grid and is subsequently accelerated by the
electric field to the ion collector. It is here assumed that
the ion is created with nearly zero initial velocity. Under

these conditions the ion trajectory is defined by

2 v,
rdf +& 2o
dt In -]
r
e
where r = radial distance from the center of the
collector to the ion,
% = 1ion charge to mass ratio,
Vé = grid voltage (taking the collector voltage
at zero)
g
T = ratio of grid radius to collector radius.
c

This equation may be solved for the time an ion requires
to travel from a point near the grid to the collector. The
exact result is rather cumbersome but is closely approximated

by r
T m ln =3 1/2
e

r
g.

= (
, C 2e V
g g

Using this equation the minimum time of response has been
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calculated for the gauge and gas used in these experiments.
The calculated result is

T = ﬁl_g__
£:9 (g k|2
T om
where xf g = distance between desorption filament
and the grid,

T = mean temperature of the gas atoms
leaving the filament (taken to be  the
same as the filament temperature),

k = Boltzmann constant,

m = mass of the argon atom.

This gives the shortest transit time (on the average) for
argon atoms to traverse the distance from the desorption
filament to the grid. It may be observed that even though
some argon atoms left the filament about 6.5 microseconds
before the filament reached a temperature of 194°K, they
arrive later than the atoms leaving at maximum temperature,
requiring about 66 microseconds to make the trip. Remember-
ing that the time to reach maximum filament temperature,

the heating period (Th) was

T = 7 Usec,
is now possible to calculate the time at which a signal
should have appeared at the ion collector if no other delay
periods are involved in the gauge itself. This minimum
period (Tmin) is simply the sum of all the above periods.

Tmin -~ "n T Tf,g + Tg,c.

From the above calculated data
Toin = 7 + 50 + 2.6 = 59,6 usec,

which is to be compared with the measured value of 60 usec.
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While the agreement is closer than the experimental accuracy
would support, it does imply that there are no substantial,
unknown, delay periods involved in the ion gauge. Further
it is clear that the reéponse time of the gauge depends
mostly on the location and temperature of the gas source.
In fact, the gauge "sees" the gas within a very few micro-
seconds after the gas arrives in the vicinity of the gauge.
The total ionization probability for a gas atom passing
through the grid is in general, substantially less than
unity. Thus, much of the initial direct beam of the gas
pulse from the desorption filament passes through the grid
and diffuses throughout the system. Consequently, the mean
gas density in the gauge rises steadily until an equilibrium
pressure is reached throughout the experimental volume.
The time constant to reach equilibrium after releasing a
short gas pulse in the system is given approximately by

Ll
7

<l

T
eq
where L = mean significant dimension of the system,

Vv = the mean temperature of the gas (taken to be
the temperature of the filament at which most
of the gas is desorbed, in this experiment
probably about 90°K)

For the apparatus of this experiment

Teq =~ 465 usec.

Although this calculation is rather coarse, it indicates
that the time of maximum measured gauge response (500 upsec)
is of the proper order of magnitude. Thus, this long delay
should not be interpreted as a slow rise in output of the
gauge (as for an over-damped system) but rather as an almost
instantaneous response to a relatively slow rise in the actual
density in the gauge.

The calculated time required for the UHV system to pump
the apparatus back to its initial value (before flash
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desorption) is about 22 msec which does not agree with the
measured value of 9.5 msec. However, since the bottom of
the ligquid nitrogen dewar was actually in the vacuum space
of the apparatus, this surface could cryopump argon and may
well account for the above discrepancy.

From the data of this experiment and the interpretative
analysis presented, it is concluded that the response time
of an ion gauge is actually of the order of a few microseconds
but that very much larger delays in response may be experi-
enced. These delays depend only on the location and temper-
ature of the gas source. '
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6.0 APPRAISAL OF GAUGE PERFORMANCE IN XHV RANGE

The purpose of this section of the report is to summarize
the most important operating characteristics of the gauges
studied, particularly with reference to the potential of each
gauge for development and future application at extremely
low pressures.

One method which may be used as a basis for gauge com-
parison is to examine the variation of gauge sensitivity with
pressure. The results of the present study are summarized
in Figure 37 which is a plot of the ion current as determined
from the gauge measurements versus the number density expressed
as pressure in torr nitrogen. It should be emphasized that
the ordinate (gauge current) in Figure 37 has different meanings
for several of the gauges considered. For the magnetron gauges
the ordinate represents the actual cathode current as measured.
However, for both the nude modulated gauge and the modulated
suppressor grid gauge the ordinate is the value of the ion
current obtained after performing the experimental and cal-
culational procedures associated with the modulating and
the suppression techniques. Figure 37 includes the lower
limit for which consistent pressure measurements were ob-
tained in the present study for each of the gauges. Also
indicated are estimates of probable and possible extensions
of the gauge performances to lower pressure levels.

The lowest pressures measured were 3 X 10713 torr by
means of both the magnetron gauges. The sensitivity of

13 torr was nearly twice

the normal magnetron at 3 x 10
that of the inverted magnetron. However, the non-linear
slope of the normal magnetron was greater than the inverted
magnetron. Extrapolation of the data suggested that at the
various voltages and field strengths used to obtain the data
in Figure 37, the sensitivity of the inverted magnetron would
equal that of the normal magnetron at 2 x 1071 torr. Below

this pressure the sensitivity of the inverted magnetron
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should be higher.

The sensitivities of both the nude Nottingham gauge
and the suppressor grid gauge are lower than the magnetron
gauges. However, these gauges are fundamentally linear
sensors and would eventually have higher sensitivities than
non-linear magnetrons if they could be designed to operate
at pressures below approximately 1 x lO-13 torr. The dif-
ference in the sensitivities of the nude gauge and the
suppressor grid gauge is mainly dependent on the emission
currents used. However, as shown in the detailed discussion
of the suppressor grid gauge (Section 3.2.3) there appears
to be an upper limit to the emission which may be used with
the suppressor grid gauge. More information is required to
determine the nature of the oscillations found at high emis-
sions in the suppressor grid gauge and developing methods
of eliminating these oscillations[lSJ,

From the data obtained it is obvious that the greatest
advantages would be obtained if the non=linearity of the
normal magnetron could be eliminated. Theoretically there
does not appear to be any reason why the linear region
should be restricted to pressures above 2 X lOmlo torr.

Other important aspects to be considered in the use

of these gauges in XHV are summarized below.
Normal Magnetron Gauge

The normal magnetron has the highest sensitivity among
the gauges studied. It is linear down to 2 x 10710 torr and
non-linear below this pressure. It is easily cleaned and
because it dissipates negligible power, it operates at
normal temperature with normal degassing rates. Since it
operates at normal temperature, chemical reactions occur
at relatively low rates and contamination is therefore a less
serious problem than in hot gauges. Its construction is
relatively simple and relatively rugged. It is the most

reliable of the gauges studied at very low pressures. It



does, however, tend to be noisy at very low pressures. It
requires a relatively high voltage and a magnet which is
sometimes an inconvenience. There is also a substantial

delay in starting at very low pressures.
Inverted Magnetron Gauge

The inverted magnetron gauge is non-linear over its
entire pressure range and has an intermediate sensitivity.
Its construction, operation, and performance are otherwise
similar to the normal magnetron. However, for optimum
performance it requires a higher anode voltage and magnetic

field strength than the normal magnetron.
Modulated Nottingham Gauge (Nude)

The modulated Nottingham gauge is linear to pressures
slightly lower than 107 torr. 1t requires no magnets or
high voltage. Its sensitivity is rather low and construction
is complicated and rather fragile. Vigorous, prolonged, and
repeated degassing is required for proper operation in the
UHV range and the gauge is very easily contaminated. The
gauge dissipates 15 to 20 watts and therefore operates with
some parts rather hot which leads to high degassing rates
if contaminated. The hot filament produces chemical reactions
which lead to spurious results. Physical reactions occur
at the electron bombarded grid which lead to anomalous
indicated pressures. The modulation technique requires ad-

ditional operations and eventually (below 10_12

torr) becomes
non-linear, requiring the introduction of a second modulation
coefficient which must be measured experimentally at very low

-15

pressures (of the order of 10 torr).

Modulated Suppressor Grid Gauge

The modulated suppressor grid gauge is similar to the
modulated Nottingham gauge in its characteristics and per-
formance but its construction is more complex and requires

a higher degree of precision in the location of the elements.
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The power supply is more complicated since moderately high
voltages may be required for complete suppression. While
its limit of detectability for pressure is lower than other
hot cathode gauges, the output current is very small at
very low pressures and must be processed with extreme care.
The residual current is negative which introduces recording

difficulties with some commercial electrometers.
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7.0 PROBLEMS ASSOCIATED WITH PRESSURE MEASUREMENT
IN THE EXTREME HIGH VACUUM RANGE

In the experimental work under the present program it
has become very clear that one of the major problems
encountered in reliable pressure measurements in the XHV
range is associated with making reliable very small cur-
rent measurements. Even though the National Research
Corporation Applied Physics Laboratory is equipped to
measure currents of the order of lO_l7 amp, the actual
measurement, under practical conditions, of currents much
below 10713

liability is desired.

amp is extremely difficult if reasonable re-

Materials ordinarily used for gauge lead passthroughs
and circuit insulators may have leakage currents of the

ordexr of 10—10 amp. After careful cleaning. leakage cur-

rents may be of the order of 10_14 to lO“15 amp. If the
insulator is electrically guarded, that is, if its low
potential end is driven at a potential nearly equal to the

high potential end, leakage currents may drop to lO"l6 to

10™Y7 amp,

However, if the potential is changed on either end of
an insulator a dielectric polarization or depolarization
current may arise which may be many orders of magnitude
higher than the above current. Thus, if guarding is to be
effective the potentials must be controlled with precision.

Many materials which have high resistivity are very
susceptible to surface contamination and consequent surface
leakage currents. Also some materials which have high
resistivity and are not overly sensitive to surface con-
tamination havé high polarizabilities. Thus, it is some-
times necessary to use a combination of materials to
achieve adequately low leakage currents in very small

current measurements.
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In the present program a helium gas refrigerator has
been used to reduce the temperature of the experimental
chamber to 10°K. The expansion engines on the refrigerator
produce considerable amounts of vibration -- generally at
about 5 c¢/s. These vibrations are transmitted to gauge
elements and conductors and induce microphonics. Efforts
have been made to reduce the amount of vibration trans-
mitted by use of flexible joints and anti-vibration pads.
However, these were only partially successful. Mechanical
foreline pumps may also contribute to serious microphonic
effects.

The power supplies which apply the operating voltages
to the gauge electrodes are usually not ultrastable and noise=-
free. The variations in these supply voltages are coupled
to the ion collector through interelectrode capacitance,
which even though small, can induce dynamic currents in the
collector circuit of substantial magnitude. These dynamic
variations in the ion current measuring circuit induce
polarization currents between ground and the collector
circuit resulting from polarization of the circuit insulators.
If the noise pulse in the power supply is large or long, the
induced polarization currents in the dielectric materials
supporting the circuit may be large and require a consider-
able period to decay to a negligible level. Line voltage
variations produce transients in the electrometer which
momentarily upset the potential drop across the electrometer
input and thus on the collector circuit. These also induce
dielectric polarization currents, which again may be relat-
ively large and require a considerable time to decay to a
negligible level. These problems can be solved by using
a separate ultrastable power supply for each circuit in the
gauge and isolating each supply from the line separately

such that line noise is completely filtered.
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Noise in the gauge itself is frequently a serious
problem at very low pressures. If the noise spikes are
large they induce large changes in potential across the
input to the electrometer which, because of the relatively
long time constant of the electrometer, requires a relat-
ively large period to decay to a negligible level. The
intrinsic noise also induces dielectric polarization cur-
rents in the collector circuit. It is thus highly desirable
to shield the ion collector from the gauge noise. In some
cases this requires the introduction of additional
auxiliary electrodes.

Each of these sources of noise or spurious signal may
be eliminated under very special laboratory conditions with
highly specialized apparatus. However, it is usually
necessary to make very low pressure measurements under less
ideal conditions. 1In order to develop practical methods
of measuring very low pressures, advances are required in
two basic areas. Firstly, gauges with increased sensitivity
(amps/torr) and larger signal to noise ratios are required.
Fundamental changes in gauge design may be necessary in order
to achieve the sensitivity required for measuring very low
pressures. The techniques used in a gauge designed to

5

operate at 10 ° torr may indeed be completely inadequate

for measurements of lO_15 torr, and yet the tendency has

been to try and push the usefulness of high pressure gauges

to lower and lower values without fundamental changes in
design. Secondly, advances are required in the techniques

of measuring exceedingly small currents. Major difficulties
presently result from such effects as dielectric polarization,
instabilities and noise in power supplies, capacitance
effects between gauge elements, microphonics, and leakage

currents caused by inadequate insulating materials.
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At the present time there appear to be very good
prospects for eliminating many of these difficulties.
Vastly superior systems incorporating both the gauge,
its power supplies, leads and current measuring appar-
atus should then be possible.
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